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THE DEPENDENCE OF VISCOSITY OF LIQUIDS 
ON CONSTITUTION.* 


By A. H. Nissan, B.Sc., A.M.Inst. Pet., L. V. W. Cuark, Ph.D., 
M.I.Mech.E., F. Inst. Pet. and A. W. Nasn, M.Sc., M.I.Mech.E., 
F. Inst. Pet. 


Synopsis, 


In reviewing the literature the authors considered certain points to be 
accepted universally and took these as the basis of their work. An ultimate 
flowing unit of liquid was assumed to move in “‘ jumpy ”’ fashion and energy 
to be consumed in giving the ultimate unit the necessary increment to enable 
it to ““jump.”’> This energy was represented by Q in » = Ae®/#?, The con- 
nection between Q and the boiling point 7’, was found to be more funda- 
mental than the relationship between Q and the freezing point. 

The ratio of molal latent heat of vaporization to the ae ye og heat 
of viscosity was found to be a constant, n, characteristic of the liquid; 
‘““n”’ appeared to afford the key to the study of viscosity as it is affected by 
constitution. 

The authors obtained a formula connecting the molal latent heat of 
vaporization and the melting point of monoatomic liquids and concluded 
that the three states of matter, solid, liquid, and gaseous, can be defined 
by @ continuous series of changes with to the laws of viscous flow. 

The relationship between viscosity and vapour pressure was studied in 
detail and the conclusion reached that both phenomena are functions of 
essentially the same variables. The value of “n” for n-paraffin was 
proved to be fractional, 4-13. 

Trouton’s rule combined with Clausius Clapeyron’s equation indicated 
that log 7 plotted against 7'/7', for the n-paraffins would yield a single curve. 
This was called the “ specific viscosity curve.” An artifice was whereby 
the temperature scale was so changed that log 7 plotted against 7'/7's on this 
constructed scale yielded a straight line. It was then proved that any 
liquid which yielded a straight line on these charts obeyed the same law 
as did the ——— with regard to change of 7 with temperature, All 
the 137 liquids tested, shown to represent many hundred chemical entities, 
yielded straight lines. Hence it was concluded that all liquids, associated 
or unassociated, must poms only one formula connecting » and 7’, 

It was found that heat of activation of viscosity was a function of 
temperature even for n-paraffins. Thus the chief distinction between 
associated and unassociated liquids from the point of view of viscosity 
disappears in principle. 

The liquids studied fell into three classes :— 

(1) Unassociated compounds which fell in a fan-shaped manner between 
two limiting positions. 

(2) Associated liquids, the viscosity at the boiling points of which fell in 
a similar manner to (1) but the “ specific viscosity curve ’’ of which deviated 
at a more rapid rate to the right. 

(3) The elements, 


In studying these liquids it was found that the chief variable which 
characterizes the “ ific viscosity curve’ was the molecular = 
Molecular shape has n discussed and postulated as the shape of t 
equipotential surfaces surrounding the molecule. When the molecular 
shape was nearly symmetrically spheroidal the “ ific viscosity curve ”’ 
was found to lie to the right of the curve for a liquid of which the — of 
the equipotential surface was less spheroidal. Dipole moments were found 
to be of secondary importance, © nature of the atoms of the molecule 
has been shown to be immaterial; once a certain shape has been attained 


ee 





* Paper received 27th May, 1939, and presented at a meeting of the Institute in 
London on Thursday, 14th March, 1940. 
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the “ specific viscosity curve "’ assumes a position on the chart i 

of the nature of the molecule. an viscosity curve for was 
found to lie in the limiting position to ight. 

Various liquids were discussed in view of this hypothesis, and were found 


it. 
——- and dibenzyl afforded additional and more definite of 
the hypothesis, as shown from the X-ra: pen phy atlas a eg 

Ameintien was Gentneed on the cena hens . It was found that association, 
like », was a function of (7'/T',). 

Viscosity index was studied from this point of view. A remarkable 
conclusion was that a liquid com entirely of cyclic structure would 
yield high V.I. if the rings were all joined end-on, so that the molecule was 

in 


The elements afforded important anomalies, and a stutly of viscosity at 
the boiling point of these e' ts showed that there was an unsuspected 
rise in » wi ee Thus the chief distinction 
between gases and liquids with regard to viscosity di > 

It has been shown that one formula must exist for all flowing matter 
with certain terms predominating, depending on the state of matter and the 
nature of flow; for example, the term defining fall of viscosity with rise of 
temperature predominates in the order: gases at low pressure, gases at 
high pressure, helium, metallic elements, non-metallic elements, unassociated 
liquids, associated liquids, non-Newtonian liquids, plastics, and crystals. 


to 


INTRODUCTION. 


THE viscosity of a pure liquid is a function of many variables, the most 
important being the nature of the liquid, the degree of its association, and 
the temperature and pressure at which the viscosity is determined. In 
certain liquids the stress existing at the time of measurement is another 
important factor, whilst in all liquids specific volume appears to exert 
some influence. A study of the dependence of viscosity on any one variable 
requires that all other variables must either be eliminated or reduced to 
a constant datum level. 

To facilitate the study of viscosity all liquids in non-Newtonian state of 
flow have been avoided and viscosity values at atmospheric pressure only 
have been used. Two variables were therefore made constant. The 
elimination of the effects of temperature or the maintenance of this factor 
at a constant value is not so easy to forecast. Thorpe and Rodger,’ in 
their classical research on viscosity, assert, “It seems futile to expect 
that any definite stoichiometric relations should become evident by com- 
paring observations taken at the same temperature.” When comparisons 
were attempted at a reduced temperature of 0-6 7’, no results worthy of 
publication were obtained. Similarly a recent expression for a “ reduced 
temperature” which yielded excellent results in comparing static pro- 
perties of pure liquids failed with the dynamical property of vicosity.* 
On the other hand, Dunstan and Thole * showed that the logarithm of 
viscosity is additive with molecular weight and structural characteristics 
at equal temperatures. Again, the majority of viscosity-temperature 
equations which have proved accurate are based on the absolute-temperature 
scale. Nevertheless, to assume that equal temperatures should prove a 
fundamental basis for the comparison of viscosity of liquids boiling at 
various temperatures and of various critical constants appears at least an 
unsatisfactory foundation for this study. 

To decide the correctness or otherwise of this assumption, and to under- 
stand fully the fundamental variables which were found to affect viscosity, 
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a critical review of the literature on the subject was made. A list of the 
publications which were found useful for this purpose is given in the 
bibliography appended at the end of the paper.1~* It is felt that a brief 
résumé of the accepted concepts regarding the nature of viscous. forces 
and the dependence of these forces on temperature would be useful here, 
particularly to determine the correct temperature levels for comparisons. 
Various authorities have testified to the fact that the equation, 


n = Ae®!? 
where » = viscosity in absolute nnits, 
T = absolute temperature at which the viscosity measurement is 
affected, 
A and B = constants, 


holds for a large number of liquids to a remarkable degree of accuracy. 
Thus it has been shown that it holds for metals, paraffins, ethers, alcohols, 
acids, acid anhydrides, bromides, chlorides, iodides, aromatic hydrocarbons, 
ketones, and esters, with deviations of the general order of less than 1 per 
cent. (Dunn). Again, Andrade states, “ It is doubtful if the experimental 
error is less than the very slight divergence between the calculation and 
experiment.” Hence this formula became the basis—and the objective— 
of many theories attempting to explain the nature of viscosity phenomena. 

Again it was found that if the constant B is multiplied by R or k, the 
gas or Boltzmann constant, respectively, the dimensions of the product are 
that of energy. Thus 


B=Q/R 
where Q = increment of energy of activation of viscosity. 
_q7= AeVkT 


Several variants of this equation have been proposed, but in view of 
the remarkable accuracy of the simple formula stated here, and also in 
view of the many statements that the improvements introduced by using 
the complex variants are generally negligible except in the case of such 
liquids as water, this formula will be used principally in this survey. 

The variously accepted ideas about viscosity of liquids have some broad 
similarities, although there are differences in detail. Thus it is postulated 
that a liquid “ at rest” is composed of discreet particles, each of which 
oscillates about a temporary point of equilibrium. Occasionally, probably 
due to collision with others, some particles are possessed of greater energy 
than the average, and when this energy is of greater value than a certain 
critical value, the particles possessing them take a jump in the direction of 
least resistance. Thus the mean position of equilibrium is transferred from 
one point in space to another. Since the liquid is not subjected to any 
external force and the distribution of the particles is at random, the 
direction of the jump is similarly at random. Therefore, on an average, 
as many particles leave a portion of space as those coming into it per unit 
time, and the liquid remains “ at rest.” 

When the liquid is subjected to a pressure differential it is seen that the 
direction of least resistance has now been influenced. Instead of being 
equal in all directions, it has become increasingly difficult for a particle 
to jump against, and easier to jump with, the direction of the pressure 
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differential. A greater number of particles would jump in a unit time 
towards the lower pressure than towards the higher one, and flow ensues. 
Some particles would jump in a direction across that of the main line of 
flow, but this point is controversial. Certain authorities maintain that the 
number of particles jumping from one layer to another is negligibly small. 
Others are equally certain that the main cause for viscous drag is due 
to such particles jumping from layers of slow speeds to neighbouring 
layers of higher speeds and vice versa. In the first hypothesis it will be 
required to impart to the particles the energy increment necessary before 
a sudden jerk is accomplished. With the latter hypothesis the loss of 
energy on collision has to be made good by an external source, and thus 
a viscous drag manifests itself. Of recent years the greater number of 
publications assume that the energy is required for particles to jump in 
the direction of flow. 
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Shearing Stress 


= 




















Fie. 1. 
ENERGY PROFILE OF THE PATH OF A FLOWING_MOLECULE, 


Fig. 1 is a mathematical rendering of this physical picture (Ewell). 
Ordinarily a molecule, or group of molecules if necessary, can jump from 
right to left or vice versa from one mathematical minimum of energy— 
i.e., position of equilibrium—to another, passing through an activated 
state represented by the maximum on the curve. When a shearing stress 
is imposed on the system in the direction of the arrow, the effect is to 
depress the mathematical minimum by a certain quantity, a, in 
the direction of the arrow and raise it by the same quantity in the opposite 
direction. 

f = tangential force per unit area. 
A, and 2, = dimensions of the moving particle in the plane of the shearing 
force. 
4 = distance between two points of equilibrium. 
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Thus flow ensues in the direction of the arrow as the system tends to attain 




























me 
les. equilibrium again. 
of On this basis the action is monomolecular. An equation obtained on 


the these assumptions by Eyring and his collaborators, however, tended to 


all. show that there might be a bimolecular form of action as well. This fact 
lue is emphasized by the Andrade equation for the viscosity of molten mono- 
ing atomic metals at the melting point which assumes entirely bimolecular 
be phenomena. The manner in which two molecules take part in a viscous flow 
ore is not certain, and different workers postulated different modes of action. 
of Fig. 2 is one example of such a mechanism (Eyring e¢al.). Andrade assumes 
hus another, nearer the formation of a temporary structure in the liquid. 

of 

















Fre, 2. 
BIMOLECULAR MECHANISM OF FLOW. 


Probably higher orders of actions exist, too, in viscous flow. There is 
evidence, however, towards the postulation that at the melting point the 


aii action is probably mainly bimolecular, whilst as the temperature rises 
er monomolecular flow predominates. At the boiling point all flow is probably 
an in a monomolecular form, but the fact that certain organic acids evaporate in 

4 the bimolecular form show that this generalization should not be taken too 


strictly. Even then, however, if the two particles forming a bimolecular 
in complex move in the monomolecular manner, the flow is monomolecular. 

Irrespective of the type of flow, it is certain that flow in ordinary liquids 
requires energy. This energy is represented by Q in the equation 

n = AeV2?, 

ing Attempts were made to correlate Q with the latent heat of fusion and the 
latent heat of vaporization. The most recent attempt to correlate it 
with the former is due to Bernal, who points out that the quantity B in 
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the simple exponential formula varies irregularly, but that B/7';, or the 
“ viscosity entropy change of the substance ” at freezing point, is, for each 
chemical type of liquid, relatively constant. This is substantiated by the 
following table. 






































B. B/T; x 10. B/Ts x 10°. 
NaCl haa 9-10 8-44 5-40 
NaBr 8-00 7-79 4-81 
i. 7-40 7-09 4-39 fron 
KBr 7-96 7-93 4-82 
oo By FG 0-406 1-41 4-49 
/ a = 0-524 6-24 6-03 
ee: 0-468 7-39 6-35 |<. 
CO | | 0-463 7-00 6-46 | simp 
CH, . 0-740 8-31 6-61 
ano F j 0-598 2-56 0-94 
Na | 0-96 2-59 0-95 
K 1-15 3-43 1-16 
Pb 2-32 3-86 1-33 }Metallic. 
Cd 1-59 2-68 1-57 
ae. mk. ue ee 2-25 
mS ee a ee 2-47 





For ionic and simple liquids the value of B/T; is 6-2-8-4, whilst for 
metallic liquids the value is 2-6—4-2. 

The authors have added the column for B/T',, or the viscosity entropy 
change at the boiling point, and it is seen that the agreements are as good 
as, if not better than those for freezing point: 4-4—5-4 for ionic (7-1—-8-4 
for B/T;), 6-0-6-6 for ordinary liquids (6-2-8-4 for B/T;), and 0-94-2-5 
for metallic liquids (2-6-4-2 for B/T,). This can be explained on the 
assumption (Eyring) that while the metals flow without their valence 
electrons (i.e., in ionic form), the ordinary liquids flow as molecular units. 
It is significant that the fused salts have values intermediate between 
fused metals and ordinary liquids. (On this basis the regularity of B/T;, 
becomes due simply to the fact that the ratio 7',/7', is usually around 0-5). 
The division into ionic, simple, and metallic types is more marked with B/T', 
than with B/T,. This fact suggests a closer relationship between viscosity 
and boiling point (or vapour pressure) than with viscosity and freezing point. 

Previously Dunn found that the ratio of the heat of vaporization to 
that of viscosity was a constant characteristic of the liquid and compiled 
the following list. 


Compound. | n = L/Q. 








Formic acid . 
Methy] alcohol . , 
| Me at 0° Cc. 
Water . . . ° . : { *3 at 100° C. approx. 











Noe 
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Dunn attributed the variation of » with temperature for water to the 
association of this liquid. 

Later Eyring and Ewell again found that the equation for viscosity 
could be given by substituting “Sue for Q in the exponential term and 


calculated “»” for various siatpitenbii These workers state that “ 

has a value of 4 (to nearest 0-5) for liquids composed of “ polar or =~ 
molecules ’’ and a value of 3 for liquids composed of “ spherically sym- 
metrical molecules.” A sharp separation of liquids into n = 3-liquids 
and n = 4-liquids is assumed as follows :— 


n = 3 CCI,, CgHg, cycloHexane, CH,, N,, CO, A. 
n=4n- C sH2; n- C,H, n-C,H 16° CS8,, CHCI,, C,H,-CH;, C,H; 


CyH,0,C Hy, Cp? >CO, CHL, C,H sBr, CHL, C,H 


No explanation is given for the fact that C,H,CL, and C,H,Br, have n = 3}, 
although the fact that 0; also possesses n = 3} is “ attributed to its 
paramagnetic property.” 

The n = 3-liquids CH,, CCl,, and A have spherical fields of force about 
the molecules (approximate, probably, in the case of CH, and CCl,), whilst 
N, and CO have probably the same. shape of “ potential energy shells,” 
and the same is apparently true in the case of benzene and cyclohexane. 
The concept is put forward that viscous flow is a form of vaporization in 
one degree of freedom for the n = 3-liquids. To explain the meaning of 
the last statement, reference should be made to the “ theory of holes.” 

This theory is only an elaboration of the postulate put forward in the 
previous pages that a molecule or a combination of molecules require an 
increment of energy to move from one position of equilibrium to another. 
It is stated in the theory of holes that the activation energy is to be used for 
providing a hole into which the molecule may flow; but this may not 
necessarily be equal to the volume of the molecule. The energy required 
to transfer a molecule from liquid to vapour without leaving a hole in the 
liquid is AZ,,,., whilst 2AZ,,,,. is required to move the molecule and leave 


the hole empty in the liquid. Thus for a fraction of a hole Sei is needed, 


where n denotes the ratio of the volume of the molecule to that of the hole 
, AE, = = Aine. vap. 

It appears that for spherically shaped molecules an activation energy 
of flow is the energy required to make a hole one-third the size of a mole- 
cule—i.e., AE,,,,/3—whilst for polar or elongated molecules, where certain 
preferred orientations are possible, a smaller fraction of the energy of 
AE wp =) 








vaporization is sufficient for activation (ie, n> 3inQ= AZ, = 


When n assumes greater values than 4—as in the metals—the phenomenon 
is well explained by maintaining that only a small fraction of the molecular 
volume is being affected in each elementary process—i.e., the metals are 
flowing without their valence electrons as ions (Ewell). This explanation 
receives emphasis from the fact that the ratio B/T',; for metals is a lower 
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constant than B/T7', for ordinary liquids, whilst B/7', for fused salts, 
which should consist of ionized metallic and acidic radicals, occupies an 
intermediate position. 

A point of paramount importance arises here. In view of the close 
relationship of viscosity and vaporization phenomena—to be further 
illustrated below—should the liquid state be treated as a continuous set 
of changes in series with the gaseous state? Andrade believes that in 
studying viscosity of liquids success is possible only if the investigator 
starts with the solid state. In fact, the equation this worker obtained for 
monoatomic metals predicting the viscosity at the melting point, assuming 
solid vibration frequency to exist in the liquid, is remarkably accurate. 


+ 
n pp. = 5-10 x 104 ls 
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A 
where » yp. = Viscosity at the melting point, 
A = atomic weight of liquid, 
7» = melting point of liquid, 
V, = volume of 1 gram atom of liquid at T7’,,. 


The authors succeeded in correlating this equation with that of Eyring, 
who, unlike Andrade, did not assume that liquids are only connected with 
solids, but regarded viscosity as a manifestation similar to vaporization— 
and believe that these strict divisions are, indeed, only apparent. Eyring’s 
equation is :— 

AiT,, 3!2 1 AEvap. 
V% ° AR... : 








7 = 1-09 x 10° 


Thus for viscosity at the melting point 





‘> 
hr.p. = x 104 =) 
(AT)! Tm SFr 
= 1-09 x 10” (738 2/3 AE yp, enkTn 


Eyring has shown that this expression gives a value for » twice as large 
as that given by experimental data in the case of anisotropic, and three 
times as large in the case of spherically symmetrical, molecules. Thus :— 


AEvap. 
enkT,, 





typ. = rp. X 8-5 . 
vap. 


taking a spherical monoatomic molecule—e.g., argon. 
Hence, if these assumptions are correct 
T 
‘in 
AE yap. 





AEvap. 
x enRT, should be equal to 1. 


For argon 7',, = 83-9 AE,,,. = 1505-7 and 
i AEws. \ = , 

Hence (log § Bn. + —— a) = 1-89, or the value for the expression 

is 0-78 instead of unity. 
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TT. AE, 
Substance. S... AEB vay,. (log ; AB vay. oa i3-7 +). 
Argon . 83-9 1505 —0-11 instead of 0-0 
Helium ° ‘ ; P 0-9 23-8 0-34 =, 9 
Kens. tic nn ee ee 2240 — beethenstige « 
Xenon " d y 133-1 3200 O18 ,, $s 














The fact that the value of n in Erying’s equation is not exactly 3, his 
further correction of } is not definite, and that Andrade is uncertain about 
his constants, should be considered. Further, the value of AZ,,,. should 
be taken at 7',,. Thus the rule for monoatomic spherical liquids, 
ys AE vay. 
log (# aE) + ig77. =? 

seems to bridge the vapour, liquid, and solid states, since phenomena 
characteristic of each have been employed to deduce it. Since this rule 
was obtained from viscosity consideration, the authors believe that the 
three states of matter are not as sharply divided in their manner of flow 
as they have been maintained to be (cf. Andrade and Bernal for extremes). 

This fact will be of greater significance later in this study when the laws 
of viscosity are investigated. To summarize these studies :— 

At the melting point the elementary process appears to be mainly a 
bimolecular phenomenon. The exact nature of the mechanism by which 
momentum is transferred from one layer to another or from one molecule to 
another is not certain. A knowledge of such a mechanism is not essential 
in deriving an expression for viscosity at the melting point. All that is 
required is to assume a bimolecular phenomenon, and that the chief energy 
possessed by the molecule is due to vibration at a frequency almost identical 
—if not exactly so—with that existing in the solid state. 

As the temperature is raised, the molecules acquire sufficient excess 
energy to enable them to pass over a potential energy barrier—i.e., passing 
through an activated state—from one mean position of equilibrium to 
another. This denotes a monomolecular form of motion. The bimole- 
cular system does not disappear, and evidence points to the presence of 
such systems, only to a smaller extent than the viscosity at the melting 
point indicates. Thus with increase in temperature the monomolecular 
system supersedes the bimolecular one. It appears reasonable to assume, 
therefore, that at the boiling point the monomolecular elementary process 
is either the sole method or at least a major one. This is corroborated by 
the fact that most associated liquids distil over in the monomolecular 
form. Acetic acid, on the other hand, boils mostly in the bimolecular 
form—but for the elementary process the two molecules would constitute 
one unit, and therefore the flow may still be considered monomolecular. 

Nearly all the quantitative theories agree that loss of momentum on 
collision is negligible (if present)—i.e., gaseous type of viscous drag is 
non-existent in liquids. The authors will deal with this point later in 
this study. 

The quantitative analysis of the variation of » with temperature may be 
given in the general equation 
n = Ae? 
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Variants of this equation containing the specific volume add slightly to 
its accuracy. 

Different workers have had an almost equal degree of success or failure 
in the approximate evaluation of the factor A. The chief factors affecting 
it appear to be the molecular weight and the temperature. 

The value of B appears to be connected with the latent heat of vaporiza- 
tion and to a lesser degree of certainty with that of fusion. Possibly the 
latter fact is due to the inter-relationship of the heats of vaporization and 
fusion. 

B is the quotient of a latent heat of viscosity, Q, divided by the gas 
constant, R. @ may be found by taking a fraction of AZ,,,, the latent 
heat of vaporization thus :— 

AE yy, 
Q=— 


The constant “‘n” is characteristic of the “size and shape” of the 
molecule. These terms should, however, be defined more rigorously. 
Thus to study the relationship of viscosity with constitution n appears to 
provide the key. Since the elementary process changes from the freezing 
to the boiling points from a predominantly bimolecular action to an almost 
entirely monomolecular action, the ideal method is to study the liquid 
over its entire temperature range. If this is not possible, then the boiling 
point should provide the next best comparative basis, since (1) the elemen- 
tary process is probably of one type, (2) the value of AZ,,,, is most ac- 
curately known at 7',, the boiling point, (3) there is a minimum of dis- 
turbance due to association. It is clear that comparing liquids at equal 
temperatures for this purpose is futile. 

An assumption has been permeating these notes that B is invariant 
with temperature. Ward stated that where B is invariant with tempera- 
ture the mean co-ordination is also invariant; whilst the mean co-ordina- 
tion will change with temperature if B is found to change. Change of B 
with temperature can be easily seen by plotting log » vs 1/7’, a curve result- 
ing if B changes, whilst a straight line results otherwise. This point is to 
be verified, as it is considered of importance, although it is agreed that, in 
view of the accuracy of the simple exponential formula, any change of B 
with temperature appears to be of secondary importance for interpolating 
values of viscosity from a given set of experimental data for ordinary 
liquids. 

Another point which has been implied throughout is the characteristic 
decrease of viscosity with temperature—(at least the net result is a decrease). 
Liquid helium was found by Keesom et al. to increase with temperature. 


THe PRESENT WORK. 


MATERIAL. 


With the conclusions summarized above as the guiding principles, the 
following list of substances were investigated with the object of elucidating 
the relationship of viscosity with constitution. The data for viscosity 
will be found in the references indicated.-* 
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. Normal Paraffins,), 5-57, 
n-Butane to n-dodecane inclusive; n-tetradecane; n-hexadecane 













































, and n-octadecane. 
Grin 2. isoParaffins ** ‘ ‘ ; ; . 15 members. 
cies. 3. Acyclic Olefines ** ‘ ; . °« 7members. 
> the 4. Cyclic Olefine ** ; ; : ; . cycloHexene. 
and 5. Alkyl Halides? . , : ‘ . 25 members. 

6. Oxygen-containing Compounds s , . 25 members. 
gas Alcohols : . : ‘ ; . 11 members. 
tent Aldehyde . ‘ ‘ . : . Acetaldehyde. 

Ketones : ‘ ; ; . . 4 members. 
Anhydrides . ; , ‘ F . 2 members. 
Ether. , R , ; , . Diethyl ether. 
Acids. : : . §& members. , 
the Water. 
isly. 7. Cyclic Compounds *~*5 ‘ ; ‘ . 30 members. 
8 to 8. Elements *, *, 68 : . : . 12 members. 
me 9. Inorganic Compounds ae , ; . 10 members. 
no 
yuid (The boiling points of these compounds were found from the literature as 
ling cited in references + and 7! taking the figures given by the investigators 
1en- who gave the viscosity measurements where possible.) 
ac- Although only 137 liquids have been studied, it is thought that they 
dis- represent the behaviour of a far greater number of pure liquids. More 
ual important than this is the fact that they include (1) unassociated liquids 
and liquids associated to various degrees, (2) ionic liquids—.e., fused salts— 
ant and metallic liquids, (3) liquids of ideal spherical symmetry such as argon 
ra- and liquids of various degrees of anisotropy, (4) the principal representative 
na- organic structures and radicals, and (5) elements and compounds. Thus 
{RB by comparison and contrast the effects of such factors are expected to 
nlt- present themselves, especially as viscosity is one of the more sensitive 
: to properties of such factors. 
in Exploratory and Confirmatory Work.—At the outset of this project the 
-R degree of connection between the vapour pressure (or vaporization 
ing phenomenon) and viscosity was investigated. For this preliminary work 
wry the normal paraffins were chosen, since they appeared to be least affected 
by secondary factors. 
tic Thus the viscosity of the normal paraffins from n-pentane to n-decane 
e). was plotted against the corresponding vapour pressure as illustrated in 
Fig. 3 (For vapour-pressure data cf. ®1. 6. 70.) 

Certain facts became evident :— 

(1) If temperatures of equal vapour pressure be accepted as correspond- 
ing temperatures, then, for normal paraffins, temperatures of equal 
viscosities are corresponding temperatures. 

(2) Since a single curve connects vapour pressure and viscosity irre- 
he spective of molecular weight, the factors responsible for, and the. laws 
ng governing, vapour pressure are identical with those affecting viscosity. 
ty (3) In attempting to study the effects of molecular structure and mole- 

cular forces it is possible to eliminate the disturbing effect of molecular 
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weight. This fact is important, since but few of the liquids to be studied 
have an exact counterpart in molecular weight with the remainder. 
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Each of the above conclusions has previously been shown indirectly, 
but the normal paraffins show strikingly the close connection between 
the two phenomena discussed. It will be remembered that plotting log. 
vapour pressure against log. viscosity yields a straight line for many 
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substances, the slope of which represents the ratio between the two heats 
of vaporization and viscosity. It is now evident that for n-paraffins 


above n-C,H,, there will be only one line and one “n” 
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authors prefer to compare log » vs log 1/P instead of log » vs 
log P. 

Fig. 4 shows the straight line for the normal paraffins (nC,;"nC,,). The 
value for m for normal paraffins, or sal is 4:13. Here it may be stated 

vis. 

that the authors cannot agree that the same error was made in all these 
data, so that 4-13 results instead of Eyring’s and Ewell’s integral number 
4-0. . 

To decide definitely whether exact integers or fractional numbers exist— 
the importance of this point will be discussed later—the equation of the 
straight line was determined and found to be :— 


log » (op.) = 0-242 log (1/Pzun) OF "ep, = Pas 


At the boiling point all the n-paraffins have the same viscosity. This 
value of viscosity is 0-194 cp. for a value of n = 4-0 and 0-201 for n = 4-13. 
Kuenen and Wisser gave 0-208. Thorpe and Rodger gave 0-198 for n- 
octane, 0-199 for n-heptane, 0-200 for n-pentane, and 0-204 for n-hexane. 
Bingham et al. gave 0-217 for n-hexane at 65° C. (b. pt. 69° C.). Thus, 
although the difference is small, whatever evidence there is points to the 
correctness of the fractional value of “n.”” (Later , for the n-paraffins 
is found to be 0-2145 + 0-005.) 

A more definite course would be the calculation of viscosity from the 
Clausius—Clapeyron equation for vapour pressure—i.e. :— 


log (3) =— xan Fe — rT) assuming / = constant, 


where M = molecular weight 
1 = latent heat in gm.-cal./gm. 


Thus log (4) - — 0268 log (seh) etee rae (Fr - 7) 


where the suffix B denotes boiling point. 


_ Om2Mi 1 OM2MI 1 oon 
"1 93x 198'T 23x198'T,; 


B 


The extent of the error in the calculated viscosity of n-hexane justifies 
the conclusion that a non-integral value for n is quite accurate. As the 
temperature deviates to a greater extent from the boiling point the error 
in the calculated value of 7 increases (n-heptane and n-octane). That this 
is due to the variation of | with temperature, and not to an inaccurate 
evaluation of n, is proved by the fact that the more accurate formula for 
vapour pressure, in which the latent heat is assumed to vary with tem- 
perature, gives better results for these compounds. Throughout this 
discussion it should be borne in mind that Hatschek has shown that Thorpe 
and Rodger’s figures for viscosity (mostly used here) are not reliable in 
the value of the third significant figure. 
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Viscosity in cp. at 








n-Paraffin. M. Ll Ts. he B. 
0° Cc. 20° C. | 50° C. | s0° Cc. | 100° Cc. 
Observed. 
n-Hexane 86 | 89-11 | 341-8 | —1-8853 | 406-16 | 0-398 10-319 | 0-2415 | 0-1915 | (0-1675) 


Calculated. 
0-400 10-317 10-235 | 0-185 | 0-160 


Difference. 
0-002 | 0-002 | 0-007 | 0-006 | 0-0075 





Observed. 

n-Heptane 100 | 763 871-5 | —1-7855 | 404-4 | 0-520 10-411 10-305 10-2335! 0-1975 
Calculated. 

0-496 10-393 | 0-293 10-229 | 0-199 


Difference. 
0-024 | 0-018 | 0-012 | 0-004 | 0-001 





Observed. 
n-Octane 114 70-965 | 308-7 | —1-7720 | 428-67 | 0-7015 | 0-5395 | 0-3845 | 0-2885 | 0-243 


Calculated. 
0-627 10-491 | 0-359 | 0-277 | 0-238 








Difference. 
0-075 ‘whee ‘nat <n ‘eee 

















Thus assuming Ml, = Ly = L, + aT 
and since Ja log, P = (Agia ot not ar 
coamutelck inaeeiie 


where A’, B’, and OC’ may be calculated from fundamental constants and 
the values for 1/n = 0-242 and for ng = 0-201. This equation for the 
normal paraffin is 





I, 0-242 Ly 

To calculate the values of L, and « in Ly = L, + aT’, the data supplied 
by Schultz’s graph for the latent heats of normal hydrocarbons at various 
temperatures were employed in the assumed formula for the change of 
this heat with temperature™’. Table II gives the values for calculated 
viscosities obtained from this equation. 

Table II shows that where the magnitude of the error in 7 is not serious 
the total error due to “ n ” and other sources is of the order 0-01 cp. maxi- 
mum, and half this amount for the average. Thus a fractional value of 
n appears to satisfy the requirements without any imposed restrictions, 
bearing in mind the following sources of error :— 

(1) Approximate nature of the equation when applied over a wide 
range of temperature. 
(2) Assumption that « is invariant with temperature. 
(3) Errors in reading and estimating the latent heats from Schultz 
graphs. 
(3) Errors (in third place) in reported values of ». 
(5) Assumption that the compounds are pure in both measurements. 
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Viscosities in cp. at 





n-Paraffin. | Dg. a. Tes. Ly R F ; 
A | OB. 0° ©. | 20° ©. | 50° o. | s0° 0. | 100°. 





Observed. 

n-Hexane /12,602|—16-1| 341-8 | 662-6 |—1-964 |—7-6122/ 0-398 | 0-319 | 0-2415 | 0-1915 \(0-1675) 
Calculated. 

0-398 | 0-312 10-233 [0-186 | 0-164 


Difference. 
0-000 | 0-007 | 0-009 | 0-006 | 0-004 





Observed. 

n-Heptane |14,077|—17-5| 371-5 | 746-1 |—2-1889|—8-2044/ 0-520 | 0-411 | 0-305 | 0-2335 | 0-1975 
Calculated. 

0-548 |0-415 | 0-297 | 0-228 | 0-198 


Difference. 
0-028 | 0-004 | 0-008 | 0-006 | 0-000 





Observed. 
n-Octane 16,060|—20 | 398 | 851-2] 2-4444/—9-1929/ 0-7015 | 0-5395 | 0-3845 | 0-2885 | 0-243 


Calculated. 
0-757 10-5651 10-376 | 0-279 | 0-237 























0-055 Nee —— | oo1o ‘etiam 





It is obvious that no great value can be attached to calculations applied 
to higher members of the series, since uncertainties about L, grow pro- 
portionately. Two facts are then established :-— 


(1) In the case of n-paraffins whatever is true with regard to vapour 
pressure (or its reciprocal) is automatically true with regard to 
viscosity when temperature is the fundamental variant. 

(2) No necessity exists to round off the value of “n ” to an integer. 


Examining the expression 


P, Mi (1 1 
log (F) ae xan (F- r) 
When P, = 760mm. Hg 7, = 7’; = boiling point. 


log (75) — ~ any (oF —) 
a(t —)) 


7. ae 
Since - = const. by Trouton’s rule.” 
B 
, 760 Mi T 
But taking / at 7’, log (5) = — sogpr 7s 1) 
70 an fT ep Mly _ 2 = 


where 5S = entropy change on boiling at 7’. 
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Thus log (1/P) of the normal paraffins was plotted against values of T/T’, 
and one curve was obtained for the members n-C,;H,, to n-C,,H,, inclusive 


in accordance with Trouton’s rule. 
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Trouton’s rule was applied to viscosity for the following reasons :— 

(1) A plot of log (y) against 7',/7' will yield a curve representing all the 
members of n-paraffins for which Trouton’s rule is operative and the 
value of n = 4-13. 

(2) No member of the paraffins has been studied over the entire range of 
the liquid state. If one curve represents all the members of the normal 
paraffins—excepting the first few as indicated by Ewell **—then this 
curve will represent the viscosity characteristic of these liquids from the 
freezing to the boiling points; since the higher members are studied near 
the first point, whilst the lower are studied nearer the second point. The 
measurement temperatures usually reported in the literature are from 
0° to 100°C. The boiling point of n-butane is near 0°, whilst the freezing 
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"a point of n-octadecane is not much above it. Thus only n-C, to n-C,, are 
ve necessary and sufficient to elucidate the behaviour of the normal paraffins. 
(3) Log » vs 1/7 has been taken to be a straight line for unassociated 

liquids indicating the invariancy of B with temperature in the expression 


n = AePit 
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1e 
Trouton’s rule applied here gives 
of 
§) on pane (at 1) 
“ log (2) = 53nkT,\7 ~ | 
1e or log 7 vs 7',/T should yield a straight line if B is invariant with tempera- 
r ture. Fig. 6 is a plot of log 7 against 7/7’ for the members of n-parafiins 
6 tabulated above. 
m Thus it is clear that the characteristic curve, while not curving exces- 
ig sively, is definitely not a straight line. That various authorities obtained 
N 




















172 NISSAN, OLARK, AND NASH: THE DEPENDENCE OF 


straight lines can only be due to the fact that the temperature range 
studied was not sufficiently wide to exhibit the variation of B with tem- 
perature. This variation of B with temperature for even such substances 
as the paraffins clearly indicates :-— 

(1) All theories which attempt to explain the mechanism of liquid viscosity 
which assume a constant B for unassociated liquids, and all formule con- 
necting the variation of viscosity of liquids with temperature on the assumption 
that B is constant cannot represent the complete truth. 

(2) The strict distinction between unassociated and associated liquids, 
based on the assumption that with the former B is constant, whilst with the 
latter it is variable with temperature, disappears. In its place stands a 
relative rule only. 

(3) Nevertheless the variations of B wth temperature for non-associated 
liquids are small, and may be ignored over narrow limits of temperature for 
general purposes. 

The recognition of the variation of B with temperature is of importance 
in so far as it renders the laws of viscosity more general than they have 
been presented hitherto. This point will be elaborated later on, in view 
of more evidence. 

It is clear that 7',/7', or its more convenient reciprocal 7'/7's, is a 
fundamental basis for comparing viscosities from the point of view of 
structure, since all the paraffins fall on one line. Again the function y,/» 
is seen to be another characteristic function from Trouton’s rule. Thus 
the function (y,/,) was plotted against (7'/7',) for the liquids listed above, 
in Fig. 7. 

By this method the liquids which were studied fell into three divisions. 
The shaded area represents all “ unassociated ” liquids and those “ as- 
sociated ” liquids which do not change the degree of their association 
with temperature. (The n-paraffins represent the first type, and acetic 
acid—which boils mostly in the bimolecular form—represents the second.) 
In the upper portion fall the characteristic curves for the associated liquids. 
Water does not appear to change its degree of association with tem- 
perature to a great extent, whilst trimethyl carbinol does so. The lower 
portion of the graph is characteristic of liquids which are grouped under 
“ metallic,” in that they appear to flow without their valence electrons. 
For clarity, only certain representative liquids are shown. 

The exact interpretation of the graph will be made clearer later; the 
position of the line is controlled by the value of “n” and the change of 
B with temperature. This fact will be better understood when further 
details are studied, but it may be seen directly from the formula 


wa (=! gy tan) 


iE) 


assuming that M1,/7' = constant in accordance with the generalized form 
of Trouton’s rule. Strictly speaking, the pressure should have been 
varied from one atmosphere with the different measurements, but change 
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of viscosity with pressure is negligible at low pressures and for small 
pressure changes. 
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Basic PRINCIPLES. 


At this stage it was clear that 7'/7', represented a rational, if not the only 
basis, for comparison, for the following reason. All the normal paraffins 
listed above fell on one characteristic curve; similarly there were curves 
representing alkyl iodides (excepting the methyl] iodide), alkyl bromides 
and chlorides, probably the ketones and the acids above formic acid, 
alkylated benzene above the ethyl benzene member, and probably the 
alkali halides. Since these groups are mainly connected by structure, 
T/T’, should be the basis for investigating this phenomenon. 

Similarly it appeared that it was the logarithmic function of viscosity 
which was of major importance—as predicted by Dunstan and Thole. 
Thus plots of log vs 7'/7T', were made for all the substances under study. 
T/T was preferred to 7',/T7', since with the latter the degree of curva- 
ture is small and may be obliterated by inaccuracy of experiment and 
plotting, whilst in the former the curve was more definite. Straight-line 
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functions have many advantages, and therefore the following artifice was 
employed :— 

The greater proportion of the viscosity figures reported in the literature 


wooo... 
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can only be relied upon to the third decimal figure. Similarly, only the 
third decimal in the fractional value of 7/7’, can represent significant 
values. Thus all the graphs used below have been chosen so that 500 mm. 
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represent values of 7'/7'; from 0-500 to 1-000. Similarly the log » values 
have been plotted to an accuracy corresponding to the third decimal place. 

In Fig. 8 the plot of log » vs 7'/7', for the n-paraffins from n-C, to n-C,, 
is shown to fall on one curve. 

A straight line joins the points 7'/7’, = 0-500 and 7/7’, = 1-000. Since 
the curve represents the viscosity characteristic of a species of substances, 
the curve will be called “ Specific Viscosity Curve ” for n-paraffins. The 
straight line is then considered to represent the viscosity characteristic 
of the n-paraffins as plotted, log » vs a certain scale (on the right of the plot) 
which is ¢(7'/7's). In other words, an artificial scale of 7'/T', is to be con- 
structed so as to yield a straight line for the n-paraffin “ specific viscosity 
curve ” when plotted on it. This straight line is designated n-paraffin line. 
The dotted lines show the construction of the scale. A value of 7'/7'; on 
the natural scale is connected by a horizontal line to the specific viscosity 
curve. The point on the n-paraffin line and vertically above the inter- 
section of the horizontal line and the “ specific viscosity curve ” has the 
same value of log 7 as the point of intersection. Thus a vertical line is 
erected at the point of intersection, and the horizontal through the point 
on the n-paraffin line represents the value of 7'/7', on the artificial scale. 
To read the values of 7'/7', of a point on the artificial scale the reverse is 
employed—i.e., draw a horizontal line through the point to meet the n- 
paraffin line, drop a vertical line through the intersection to meet the 
‘‘ specific viscosity curve,”’ draw a horizontal line through the latter inter- 
section point to read 7'/7', on the natural scale. Log 7 is common for 
both seales. Thus the accuracy of plotting points on the artificial scale is 
governed by the accuracy of reading the natural scale. All interpolated 
values are to be plotted in detail in the manner described, for mere inter- 
polation on the scale is only guess-work, as the scale varies in a complex 
manner. 

It is to be proved that all curves which yield straight lines on this 
artificial seale are governed by the same equation as the one governing 
the basic curve—i.e., the “ specific viscosity curve ” for normal paraffins.* 


Tz = Height from base of graph representing 7'/7', on natural scale 
T,' = z 9 artificial scale 


ec, ” ” ” ” 
Ty» Ng» Ng correspond to 7'p’, T'p,’, and T'z,’ 
Since the n-paraffin line is a straight line, 
Tp,’ — Tr, Se Tp,’ — Tp,” 
log n, — log yg log ny — log ng 
By cross multiplication and cancellation 
] —] Tp.’ 1 —Tp'I 
log 7 = T'r,'( og 1 og 7s) _ +R, 108 "1 By OF 43 
Tr, — Tr, Tr, _— Tr, 
* This work has been done independently from that of Irany,’”* and the two may 
be looked upon as confirmatory, affording proof of each other’s conclusions. 
The results Irany obtained with T/T, (7, = critical temperature), and for which 
no explanation was offered (i.e., for the closeness of some lines and not others), can 
all be understood from this work, since 7';/T. is generally 3. In other words, 


T |T'z is the real “ reduced temperature ” and not Van der Waal’s 7/7, in as far as 
viscosity is concerned (cf. Thorpe and Rodgers).' 
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Since 7'p,’ may be taken as zero, 7'p,’ as full length of scale, for n-paraffins 
the value of the constants A and B in the general equation, 


log ng = Tx,’ (A) +B 
are A= log ng — log 1 log "4 
Tr, 
and B = log n, 


But for n-paraffins log n, = {(7'z), where f(7') is assumed unknown 

“. Tp’ (A) + B =f(T x) connecting the “ specific viscosity curve ” for 
n-paraffin and n-paraffin line. 

For any line of slope A’ and intercept B’ the formula still remains 


ne ian +e 
<3 ( R) ihe , . 
log a = (a +B 


= fit) + C. 


Thus any straight line drawn on the artificial scale will represent an 
equation similar to the equation governing the “ specific vicosity curve ” 
of the n-paraffin if this latter equation contains a constant which may 
absorb C. When all the substances listed above were plotted on this scale 
every substance gave a straight line showing a definite lack of curvature, 
excepting :— 


(1) 2:4:4-Trimethylpentene-(1 and 2), which is a mixture of 
two substances. 

(2) NaCl, the value for 7', (1686° Abs.) being an approximate 
value. 

(3) An almost imperceptible sinusoidal curvature in pyridine 
indicating impurities. This substance will be studied in detail below. 


It is found that the alcohols, acids, and even water, the elements, both 
gases and metals (cf. mercury), as well as substances behaving more 
normally, yield straight lines. In all the theories of the mechanism of 
viscosity in liquids it was admitted and accepted that water does not 
behave as a “ normal ”’ liquid. It exhibits no anomalies here. 

These observations show that :— 


There is but one law governing the change of viscosity with temperature 
for all the substances studied here—and probably for all liquids. 

Thus the criterion of accuracy and completeness of any theory attempting 
to give the laws of viscosity of liquids is that such theories should yield an 
equation identical in form for water, alcohols, metals, and normal sub- 
stances. The general equation 


n = Ae®? 


becomes only a rough approximation as a general law, since the errors in 
calculating the viscosity of water by means of this formula may amount 
to as much as 27 per cent. 
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The authors do not intend to attempt to give the general law of liquid 
viscosity, but the following remarks show the possibility of such a law. 
It is to be remembered that Andrade proposed the equation 


és ge See ee ae 
(and later 
g=A'(l+as*)**¥ . . . . . DBD 


where (1+ ae~#") expressed decrease in association with temperature) 
to be used with water and other associated liquids. Prasad found that 
Andrade’s equation (A) applied to the behaviour of lead chloride. Dunn 
found “‘n” for water to vary from 2-72 to 3-3 between 0° and 100° C. 
Generally it has been assumed that B is constant for a “‘ normal ” substance. 
It was shown in this work that B is variable with temperature even for 
the normal paraffins. Thus it appears that the general equation for all 
liquids would contain a variable value of energy of activation, but while the 
variation with unassociated liquids is negligible over narrow ranges of 
temperature, it is considerable with more complex substances. Since the 
exponential law appears to be well authenticated, a probable rendering of 
the general viscosity law is :— 
KX) (4 
a= (Xe¥ =(Xe™ 

where (X) = unknown, probably function of 7’. 

The evaluation of M1/n f(T’) appears to be of the same general form for 
all liquids, varying only in degree. It appears also that more should be 
known about the unit taking part in the elementary process of viscous 
flow before this function can be evaluated from first principles. 

Ward classified liquids into those obeying one of the two equations 


1 = AeVRT 
and n = A(T) era? 


where the first type represents liquids the mean co-ordination of which 
is invariant with temperature, to a first approximation, whilst the second 
represents liquids in which the mean co-ordination is variable with tem- 
perature. This classification should be taken only in an approximate 
manner and would disappear in principle. Ward pointed out that 
Andrade’s equation 

qvi® — AeCle? 


admits the variation of B with temperature in the case of normal liquids. 
The authors believe that since another form is necessary for water, this 
equation cannot represent the full facts, and should be accepted only as 
an excellent empirical representation. 

Similarly the simple exponential formula is not to be discarded, since 
it does represent the variation of viscosity with temperature to a great 
degree of accuracy. These observations are made only in an attempt to 
show that there are hidden factors which have not as yet been considered 
and which demand investigation. 

The viscosity of helium is still unique in its variation with temperature. 
The graphs, Figs. 8-18, afford the following features which connect 
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them with constitution or general molecular construction. Considering, at 
the moment, the compounds only, these can be divided into two groups : 

(1) A group which starts with the CCl, line (Fig. 13) and extends to the 
left to slightly beyond the n-paraffin line. These lines show the following 
characteristics. 


(a) Those lines which are near the CCl, line (Fig. 13) tend to be parallel 
with it, whilst those near the n-paraffin line lie parallel to the latter. Inter- 
mediate lines take intermediate positions. The lines will therefore satisfy 
the following equation :— 


1 Ml T 
log 2 = = 5 3pp (1 — ge) + loon 


in which “‘n” for CCl, is 2-8 and for n-paraffin 4-13. Considering M1/T' to be 
constant, the CCl, line would be less steep than the n-paraffin line. The 
liquids having intermediate values of ‘‘n’’ will lie in an intermediate position 
and be in a fan shape. Here is seen why it is important to recognize the 
fact that “‘n” can have any value and not be rigidly bound to integers; 
if this were so, only two groups would be recognized—one parallel to the 
n = 4-liquid and the other parallel to the n = 3-liquid. This would 
introduce unnecessary difficulties—for instance, the reason for the value of 
n = 3-5 approximately for alkyl halides. 

(b) The position of the lines does not move beyond the CCl, line. In other 
words, the intercept »,; appears to have a maximum value approximating 
that shown for CCl, It is to be seen that on these lines the chief factor 
is “‘n,” and as ng is simply an ordinary viscosity coefficient, it will be 
affected by “n.” (a) and (b) indicate that as “‘n” increases in value the 
line moves to the left and becomes steeper. 

(c) The effects of molecular weight are non-existent in the position of slope 
of a line. Thus n-C,H,, and n-C,,H,, fall on the same line. Similar cases 
have been cited above, and it may be noted again that the alkyl halides 
each have characteristic lines independent of molecular weight. The 
first members do not fall on these lines. This is not because of a change in 
molecular weight, but a reason which is to be noted below—(d). 

(d) While n-C,H,, and n-C,,H;, fall on the same line, n-C,H,, and 
2:2: 4-trimethylpentane fall on definitely different lines. The position 
of the line is not governed by molecular weight, but by structure only. 
This fact renders such comparisons as n-C,,H,, and 2: 2 : 4-trimethyl- 
pentane possible regardless of the great difference between the two mole- 
cular weights. Thus it is not necessary to compare isomers differing in 
structure only; each line represents a “type” of liquid. This fact renders 
the number of liquids studied far greater than their actual number—#.e., 
137. 

(e) Regularity in comparison is a remarkable fact. To mention only 
two of many facts to be detailed below: unsaturation always brings the 
characteristic line to the left of the saturated member, irrespective of 
other structures present; substitution in the cyclic compounds always 
brings the line to the left of the simple molecule. Comparison at ordinary 
temperature scale with these two characteristics is complicated by 


irregularities. 
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(2) The second group of compounds is characterized by few general 
principles. 

(a) ng again falls between the positon of CCl, and a position near that 
of n-paraffins. 

(6) The lines are not parallel to either the n-paraffin line or the CC\,- 
line, but are less steep—in all cases—than their position, as defined by the 
position of yg, warrants. 

(c) All these liquids are known or suspected to be associated. 

The study of the elements also reveals interesting characteristics. 
These will be considered later. 

These facts indicated to the authors, and more detailed study con- 
firmed the supposition that the chief characteristic affecting the position 
and slope of the lines is the shape of the ultimate unit. The size of the 
unit does not appear to affect it. ‘‘ Shape” of a molecule, however, is a 
vague term unless it is defined rigorously. Thus the following analysis 
appears to give the most reasonable explanation for the behaviour of the 
“specific viscosity curves” and their derived function the “ typical 
lines ” of liquids. 

That the mean spatial co-ordinates of the centre points of the various 
atoms, constituting a molecule, should be the basis upon which the “ shape ”’ 
or structure of such molecules is built may be taken axiomatically. On 
the other hand, evidence in this work tends to show a “ rounding off ” of 
shapes. Thus nitrobenzene and methyleyclopentane differ greatly in 
spatial configuration; but they lie on one characteristic line. Similarly 
cyclohexane cannot be made similar to carbon tetrachloride in structural 
configuration, yet their lines are near each other (Figs. 13 and 15). Further, 
alkyl benzenes above ethyl benzene change progressively with length of 
chain, yet yield only one “ specific viscosity curve.” This statement 
applies to n-paraffins, alkyl halides, isoprene and diallyl, etc. 

It is evident, then, that there is an “ effective shape,” probably built 
upon the spatial configuration as a skeleton. Once the effective shape is 
obtained, the nature and shape of the skeleton are immaterial, so far as specific 
viscosity is concerned. 

The dipole moment stands as a convenient and obvious basis. Against 
this should be taken the fact that both the apparent limits of the group— 
i.e., n-paraffin and CCl, lines—and the intervening space are filled by liquids 
of zero moment. Polar liquids occupy spaces all along the interval. Thus 
dipole moments, while playing a part in the effective shape, may be con- 
sidered as secondary only. 

Since the “‘ effective shape ’’ cannot be material, the forces surrounding 
the molecule are considered, to give this shape. These forces have been 
studied in detail by London,** Bernal,®* Hudleston,”® Glockler,”* and 
others in a symposium on liquid structure (1937). 

Bernal, and in general other investigators, have accepted a simplified 
equation for the forces surrounding a molecule in which the energy, U, is a 
function of two terms only, one attractive varying with the m™ power 
and the other repulsive varying with the n power of distance R :— 
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m varying between 2 and 6 and n between 10 and 20. It is interesting to 
find that Friend 77 calculated “ m ”’ from viscosity data, by an admittedly 
approximate method, and found it nearly equal to 8. 

Hudleston pointed out that in the modern theory of the specific heats 
of solids it is conceived that at some specific distance, 1, between the 
centres of gravity of monoatomic molecules, the resultant force between 
them is zero. Closer approach results in repulsion, which increases in 
magnitude as the distance apart decreases; greater separation results in 
an attractive force which, at first, increases with distance (then dies away 
as the sphere of influence of the molecule is reached and passed). Glockler 
gave a diagram of the energy variation with distance, and on it based his 
concept not only of Van der Waal’s forces but of all chemical forces, ranging 
from those responsible for the holding together of atoms in a chemical 
compound, to intermolecular forces of association and liquid affinities 
(Fig. 9). 
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Qualitatively this concept appears to succeed where the classical valency 
theory appears to fail. 

When molecule A is travelling towards another, B, the sequence of 
events is then identically the same as in the solid state, as explained by 
Hudleston. The molecules have two critical distances at which their 
effect on other molecules are nil—an outer limit and an inner zone of zero 
force. 

Thus, in general, the tendency of two molecules is to oscillate around 
the inner zero point of each other. The surface which contains all the 
inner zero points of the molecule then constitutes the effective shape of 
the molecule. It is similar to a rubber sheet surrounding a multipolar 
magnetic skeleton; the analogy must not be taken to extremes, however. 
It is then seen that the effective shape will be “ rounded off” and not 
angular; especially as the exact configuration of the atoms in the mole- 
cules and the electrons around each atom are not fixed in space, but 
continuously change in a complex and rapid manner. 

Increase in temperature expands this enveloping surface, whilst pressure 
tends to contract it; mathematically, increase in temperatures lowers 
the energy level outside the inner zero point, whilst pressure lowers it 
inside the inner zero point. 
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z to In discussing the elementary process of flow from the point of view of 
dly constitution, it is the shape of the molecule as defined above which appears 
to be the main factor, the nature of each part of the skeleton being im- 
ats material except in so far as it produces a hump or a depression in the 
the ‘‘ surface of: equal potential” surrounding the molecule and parallel with 
een the inner zero surface. 
in No attempt will be made to explain all the concepts put forward by 
| in various workers on the viscosity of liquids by these ideas; it is sufficient 
yay to point out that this picture conforms with Andrade’s “ holding of hands ” 
ler between molecules and the sharing of momentum without collision; the 
his concept of vibration around an equilibrium position followed by jumps in 
ing direction of flow of Dunn and Frenkel; theory of holes; Eyring’s minima 
cal and energy barriers, etc. It also conforms with the general behaviour of 
ies liquids—t.e., having a specific volume which expands on heating; surface 
tension which decreases with temperature; vapour pressure increase with 
temperature, and latent heat of evaporation which decreases with tem- 
perature and vanishes at 7’, where the inner and outer zero surfaces appear 
to coincide (cf. specially Hudleston’s contribution). 

It is to be assumed that the molecules of a liquid at any temperature 7' 
and under their own vapour pressure (V.P.) would be touching at an 
average distance equal to that of the average distance of the inner zero 
point. At temperature 7’ and a lower pressure than V.P. the average 
distance at which the molecules touch each other is greater than the 
average inner zero point distance, thus more molecules are liable to jump 
out of the sphere of influence and evaporate. At temperature 7’ and 
pressure higher than V.P. the average distance between centres of gravity 
of two molecules would be less than the sum of the distances of their 
respective inner zero points—i.e., the molecules are interfering with the 
free behaviour of each other. Let this interference be i. Since 

y all viscosity values have been measured at a value of P = 760 mm. Hg. 
f — 7760) 
- Interference = f VP” 
Thus if two liquids A and B are compared at equal temperatures 7';, it 
is seen that they are not in strictly comparable states. 
: Liquid. Temp. Vi. Outside pressure. Interference. 
760 
A T, P, 760 | 4( F.) 
760 
B T, P, 760 ri P.) 


Calculating P, and P, by the usual formula and applying Trouton’s rule, 
then :— 


oe (rab) ~~ a:abt, (ae — !) = ¥ (ae —) 


oe (rab) = — gales, (a2 ~)-* Cae — 
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Thus when = 7 then log (=) = log (3) 


or at es = et 2 the interference in A = interference in B. This affords 
B By 

a@ physical reason for the comparison of viscosities or their logarithms at 

equal values of 7'/7',—i.e., comparisons at equal degrees of interference of 

the molecules with ‘each other’s free behaviour. 

On these bases the effect of the shape of the molecule on the “ specific 
viscosity curve ’’ may be roughly indicated. A sphere has minimum surface 
for a given volume. Thus for a unit volume a sphere offers a minimum 
area of equilibrium around which other particles may oscillate. In other 
words, a larger volume has to be swept by a body travelling from one 
position of equilibrium to another situated on spheres than if the positions 
of equilibrium were on irregularly shaped or anisotropic bodies, occupying 
the same aggregate volumes as the spheres. Thus in a monomolecular 
viscous type of flow (action) the spheres would sweep relatively greater 
volumes, and hence require greater energies of activation, than aniso- 
tropic bodies. The case of a bimolecular reaction was shown approxi- 
mately by Eyring and his collaborators to be similar (Fig. 2). Thus in 
both cases—higher orders of reaction are too complex to be analysed even 
approximately, but may be considered to follow similar lines—for two 
liquids, the liquid with molecules possessing a surface of inner zero point 
nearer to a spherical symmetry would have a “ specific viscosity curve,” and 
consequently typical lines on the present charts, to the right of the other liquid. 

In the study of viscosity and constitution of compounds this rule is 
operative. Thus it is not a question of “‘ What is the effect of CH,, COOH, 
etc. on specific viscosity ¢ ’’ but “‘ What is the effect on the specific viscosity 
of introducing CH,, COOH, etc., into the molecules of this particular 
liquid?’ In other words, if a radical, atom or structural characteristic 
increases the spheroidal symmetry of one compound and decreases it 
with another, the effect will be an increase in viscosity of the first and a 
decrease in the other when comparisons are made at equal values of 7'/7';. 
Below is the detailed study of the substances tested; the known cases are 
used to establish the validity of this general law, whilst the law is used to 
study the unknown cases. 

Normal Paraffins——These hydrocarbons have been the basis of this 
study, and much has been said concerning their viscosity. A few points 
deserve further discussion, however. 

Eyring and Ewell found that CH, behaved more like CCl, than the 
rest of the normal paraffins. This is acceptable on the basis of what has 
been stated previously. A similar case is that methyl iodide falls on a line 
to the right of the alkyl monoiodides, showing a nearer approach to the 
spheroidal shape of equipotential surfaces than the remainder. 

The elementary process of the normal paraffin presents difficulties. 
Suggestions have been put forward that some, at least, of the n-paraffin 
molecules are “ curled,” and that the energy of viscosity activation has 
been utilized in converting the straight molecule into the curly type. 
These were attemps to explain the Newtonian type of flow of n-paraffins. 

Although no definite experiment has been studied by the authors proving 
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that the flow of n-paraffin is Newtonian, the following facts, at least, 
indicate that it is so. 


(1) While various data by different authors differ, the agreement is 
sufficiently acceptable to prove that the value of » for any given member 
is independent of the type of apparatus used so long as accuracy in tech- 
nique and design are maintained. 

(2) The values of » collected from different sources fell on a substantially 
definite single curve when log » was plotted vs 7'/T',. 

(3) Again, the agreement between values of » and vapour pressure 
collected independently and at random from the literature give an accep- 
table value of the ratio of energy of activation of viscosity to that of 
vaporization. Thus :— 























Akvis. _ (1) 
n-Paraffin. & C. 1/P. ”- \ ory a 
log n/log (1/P). 
n-Pentane ‘ . 0 0-0054 0-282 0-242 
n-Pentane ; 3 20 0-0024 0-231 0-243 
n-Pentane 4 . 50 0-00083 0-1807 0-241 
n-Heptane : ‘ 30 0-017 0-369 0-245 
n-Heptane ; : 40 0-0108 0-334 0-247 
n-Heptane ‘ en 100 0-0012 0-1975 0-241 
n-Decane . é | 50 0-12 0-6015 0-240 
n-Decane . : 7 100 0-013 | 0-357 0-237 


Average = 0-242, 





Thus it may be conceded that the n-paraffins behave in a Newtonian 
manner to a good degree of approximation. On the other hand, Pye *® 





Fie. 10. 


MODEL SHOWING SPECIAL RELATIONSHIP OF ATOMS IN A STRAIGHT-CHAIN PARAFFIN 
MOLECULE, 


reproduces a scale model (1-6 x 10? magnification) of n-C,,H,, (Fig. 10). 
It is seen that it is elongated greatly in comparison with its diameter. 
Again the factor 4-13 for n denotes elongated flowing molecules. Thus in 
the ordinary type of elementary processes of viscous flow it would be 
expected that interlocking would take place, which, upon breaking down, 
should reveal lower viscosity with rate of shear. 

The authors believe that the jerky nature of motion of the ultimate 
unit and the equality of their size are sufficient to keep these units disposed 
in a random manner towards each other. Where the elongated bodies 
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are much larger than the ultimate units of the medium in which they are 
dispersed, then orientation results and non-Newtonian flow is manifested 
(cf. Eyring’s works, which assume that the type of flow is mainly a function 
of the value of the shearing stress). It is considered that the Newtonian 
nature of flow of such anisotropic bodies is a definite support of the theories 
which maintain that flow is not continuous, but of the nature of “ jumps.”’ 

isoParaffins—Fig. 11 is a chart of the isoparaffin lines of the substances 
as listed on it. It should be made clear that of all the evidence, that of 
the isoparaffins is the least trustworthy in this work, since the boiling 
points were obtained from different authorities from those giving the 
viscosity. Thus only approximate generalizations are possible, and 
apparent anomalies are to be expected. 

The isoparaffins represented by the first seven lines are of those com- 
pounds possessing one branch of various lengths and positions. Excepting 
2-methylheptadecane and 3-ethyloctadecane, all the other five are near the 
n-paraffin line—the variation may be genuine or merely due to inaccuracies 
in the value of 7',. The authors are of the opinion that all the lines would 
coincide with the n-paraffin line. In other words, one branch in a paraffin 
has little or no effect on the “ specific viscosity curve.” (The points of 
lines 4 and 5 plot irregularly compared with the very accurate repre- 
sentation of a straight line by other substances, indicating either impurities 
in the liquid or errors in 7';.) 

The substances studied and represented by lines 8-12 inclusive possess 
two branchings and present interesting support to the general theory. 
Both 2: 2- and 2: 3-dimethylbutane possess “ specific viscosity curves ” 
to the right of the n-paraffins showing greater symmetry in the equipoten- 
tial surfaces of the molecules than the latter. They either fall on one curve 
or the small divergence between them is real. Since the boiling point has 
been taken from the same source as the viscosity, it appears that they 
fall on two different curves. The fact that line 8 falls to the right of 9 
and both to the right of n-paraffins is easily explained by their structural 
formulae, which show a relative decrease in proximity to spheroidal shape 
of molecules : 


¢ 
line 8 = C—O—C—C = large spheroid with protrusion. 
C 
. C~ ~_,p~_C _ irregularly sha ellipsoid with narrow con- 
line 9 = G>C—C<G = "SE Kction in the middle 
It should be remembered that the carbon atoms are not in one plane, but 
arrange themselves in 3-dimensions. The case of two branches in a longer 
chain is represented by 2 : 7-dimethyloctane, (10), 2 : 11-dimethyldodecane 
(11), and 3: 12-diethyltetradecane (12). The effect in rounding off the 
molecules by the branching is necessarily small in proportion as the chain 
is lengthened; thus 10 and 12 fall nearer to the n-paraffin line. For the 
same reason discussed above with regard to 4 and 5, line 11 is believed to 
be farther to the left than it should actually be; yet its position with 
regard to 10 and 12 is in accord with the theory. 
On these bases the position of line 13, representing 2 : 2 : 3-trimethyl- 
butane, being to the right of the whole, is in accordance with the probable 
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shape of the molecular envelope as seen from the structural formula, to be 
imagined in three dimensions :— 

ot-oct 
( C 


When the chain is lengthened to 2 : 2: 4-trimethylpentane the line moves 
to the left again, going even beyond those of 8 and 9. This is again what 


is expected. 
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With 7 : 12-dimethyl-n-dihexyl-(9 : 10)-octadecane it is seen that the 
length of the chain tends to pull the line to the left, whilst the length of 
the branches tends to pull the line to the right and to give it a position 
of an ellipsoidal body. The boiling point is, however, most untrustworthy. 

It would appear that this study affords no greater understanding of the 
dependence of viscosity on constitution than a comparison of viscosities 
at equal temperatures. Actually it brings forth the principle enunciated 
above that there is no general value for the effect of one or more branching 
but a specific effect only to be understood by taking all other factors into 
consideration. Thus, while three branches in a closely packed manner 
will have a greater effect than two in a similar manner, two branches 
in close proximity in a short molecular render the molecule more spheroidal, 
and hence produce more effect, than three branches in a longer molecule. 
Thus all the lines fit the simple rule: A more spheroidal molecule possesses 
a “ specific viscosity curve ” to the right of one which represents another 
of lesser spheroidal symmetry. In the case of isoparaffins it is a com- 
promise of 


(1) length of chain pulling curve to left ; 
(2) greater number and length of branches and closer proximity of 
branches to each other pulling the curve to the right. 


Unsaturation.—It may be stated that the position of a double bond in a 
molecule denotes a region of higher activity or of a stronger field in the 
molecule. Thus the equipotential surfaces, or the inner zero surface, will 
protrude in that region to a further extent than immediately before or 
after it along the length of the molecule, and the shape of this protrusion 
is probably that of a disc. On this basis the study of the olefines and other 
unsaturated substances is reduced from an apparent haphazard fashion 
of positive and negative effects due to unsaturation to a systematic and 
acceptable one. 

It is a corollary of the foregoing that unsaturation would upset the 
spheroidal symmetry of a molecule. Thus the effect of unsaturation should 
be to shift the “ specific viscosity curve,” and hence the typical line, to 
the left of the corresponding saturated molecule. Fig. 12 shows some un- 
saturated compounds, whilst in later figures a further number of unsaturated 
liquids are given which bear out the truth of this statement. 

When a molecule is already anisotropic the effect of unsaturation would 
be either small or entirely negligible. Thus n-dodecene-1 falls practically 
on the n-paraffin line. Probably n-hexadecene-1 does the same thing, 
since the boiling point of the liquid on which viscosity tests were performed 
was given only at 11-5 mm., and the value of 7’, under atmospheric pressure 
was obtained from a different source. In other words, the two liquids 
may not have been exactly the same. When the length of the chain is 
shortened, as in trimethylethylene, the effect becomes more definite (7', 
and viscosity values were obtained from the same source). Again, when 
the saturated liquid is nearer spheroidal shape than the normal paraffin, 
the effect of unsaturation on reducing viscosity at the same value of 7'/7', 
is still more definite, as a comparison of 2 : 3 : 3-trimethylbutene-3 (line 4, 
Fig. 12) with 2 : 2 : 3-trimethylbutane (line 13, Fig. 11) would show. Line 
5 is that of a mixture of 2 : 4: 4-trimethylpentene-(1 and 2), and hence 
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is curved as discussed above; yet its position relative to 2 : 2: 4-trimethyl- 
pentane bears the same evidence. Again, cyclohexene, which possesses 
one double bond, when compared with cyclohexane (Fig. 12), is definitely 
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to the left. Other evidence is the position of benzene and all its homologues 

relative to cyclohexane and its corresponding homologues (Fig. 15) and 

the allyl halides being always to the left of the alkyl halides. The authors 
Oo 
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fail to see how an increase in the activity of a molecule reduces the specific 
viscosity so persistently and generally, except on the assumption made 
above, that anisotropy in the shape of molecule increases the ratio of 
surface to volume, and thus reduces the volume swept by molecules in 
their elementary process of moving from one position of equilibrium to 
another, both positions being on the inner zero surfaces of other molecules 
or surfaces parallel to these. 

Thus again it is not “ what effect has unsaturation,” but “ what effect 
has it on this particular substance.” In other words, there is no reason 
for the assumption that since unsaturation reduces specific viscosity, two 
double bonds should exaggerate the effect. Isoprene and diallyl (lines 6 
and 7, Fig. 12) each have two double bonds, yet they are very near the 
n-paraffin line. The reasons are that both molecules are relatively long, 
and the two double bonds are situated one on each end of the molecule, 
and thus their effect is reduced by the symmetry of their position. (Inci- 
dentally, both liquids could be represented by one specific curve just as 
reasonably accurately as the two lines—i.e., a diene line similar to the 
n-paraffin line and just to the left of it—7', is definitely that of the liquids.) 

The alkyl and other halides offer confirmatory evidence to the foregoing 
observations. Thus ethyl, propyl, isopropyl, and isobutyl iodides fall on 
one “ specific viscosity curve,” giving rise to the derived function repre- 
sented by line 1 in Fig. 13. 

Similarly the corresponding bromides fall on a typical line III; and the 
propyl-, isopropyl, and isobutyl chlorides yield line V. The unsaturated 
halides represented by the allyl halides yield three “specific viscosity 
curves,” each being immediately to the left of the saturated halide lines, 
II, IV and VI on Fig. 13. (The points for these plots have been omitted 
for clarity, but points 19 are typical of the straight lines obtained.) There 
is a tendency to connect the position of these lines directly with the dipole 
moments, since the moments for ethyl chloride, bromide, and iodide as 
given by Parts,” are 1-99, 1-83, 1-66, thus showing increased departure 
from a spheroidal shape of equipotential surfaces. That such an explana- 
tion is untenable is directly seen from the fact that the same author gives 
the moment for isobutyl chloride, bromide, and iodide at 1-96, 1-97, and 
1-87. Thus on this basis the isobutyl chlorides and bromides should appear 
on the line characteristics of ethyl chloride. On the basis that the mole- 
cular weight, and therefore the volume enclosed within the inner zero 
enveloping surface, of the halides increases in the direction chlorine, 
bromine, and iodine, the position of the lines follow the simple explanation 
of the present theory. Thus the iodine atom (at. wt. = 126-92) is large 
and the alkyl radical distorts its symmetry to a smaller extent than is the 
case with the bromine atom; similarly the surface of the bromine atom 
(at. wt. 79-96) is distorted by the alkyl radical (weight of isobutyl radical = 
57) to a smaller extent than that of the chlorine atom (at. wt. = 35-45). 
Thus probably the halides of higher members of the series would gradually 
depart from the characteristic line as the surface of the radical changes 
from the minor to the major fraction of the molecular surface. Evidence 
towards this end is offered by methyl iodide (points 1 on Fig. 13), which 
shows greater degree of spheroidal symmetry than the other iodides, and 
thus is to the right of the others. Again, when the surface of the alkyl 
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groups is enlarged by a double bond in the manner described above, the 
line drifts to the left. On this basis the monohalide of a sufficiently long 
chain is believed to yield a line identical with the n-paraffin line, despite 
the fact that the lower members tend to group around independent lines. 
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Ethylene bromide (CH,BrCH,Br), containing two bromine atoms in a 

short molecule, is naturally considered on this basis as being fundamentally 
H H 

characterized by the two bromine atoms, the—O—— radical, distorting 
HH 

but a little the general surface contours of the halides. Thus line 12 is 
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very nearly on the carbon tetrachloride line, representing a well-balanced 
spheroidal surface. When the length of the chain is increased, the two 
bromine atoms are driven apart, and the line moves to the left as shown 
by propylene bromide (CH,CHBrCH,Br) (line 13). Again, when the 
“waisted” effect of the surface is reduced by a branch in the chain, 
isobutylene bromide ((CH,),CBrCH,Br), the line moves to the right, 
taking a mid-position between the spheroidal ethylene bromide and the 
slightly elongated propylene bromide. 

In discussing unsaturation it was shown that while the effect of a double 
bond on anisotropic bodies might be negligible, the effect on spheroidally 
shaped molecules would be large. This statement is again justified by 
acetylene bromide (CHBr:CHBr) (line 15), the line of which is at a 
greater distance to the left of the corresponding saturated molecule than 
the other unsaturated halides are to the left of their saturated 
counterparts. 

Methylene chloride (CH,Cl,) and ethylidene chloride (CH,CH Cl,) fall in 
the same category in the probable shape of the surfaces—.e., a large surface 
of the halide is distorted by the alkyl group, and thus it is not surprising 
that these two liquids yield a line identical with line 1 of the monoiodides 
—points not shown for clarity. This fact is of great significance, since it 
illustrates the statement that once a certain shape of the inner zero surface 
is attained, a characteristic line is yielded independently of the nature 
of the atoms, radicals, or structural bonds which have yielded it. The 
two chlorine atoms being placed on two corners of the carbon tetrahedron 
will be equivalent to the larger iodine atom placed at one spot, and hence 
the “ specific viscosity curves” for the monoiodides and the dichlorides 
when the two chlorine atoms are on one carbon atom are practically iden- 
tical. In support of this is cited the case of ethylene chloride (CH,CICH,Cl), 
the two Cl atoms being on two ends of a short chain, which is more 
symmetrical, and thus to the right of these lines (cf. line 21). It is in the 
same category as ethylene bromide, but the partition between the chlorine 
atom has greater effect, since bromine atoms are larger than those of 
chlorine. 

That it is definitely not a case of increasing the specific viscosity of a 
compound by the addition of the halides is proved by the case of chloro- 
form. Although this compound contains three chlorine atoms, its line 
(23) is to the left of ethylene chloride (21). It is to the right of methylene 
and ethylidene chloride, however. In fact, just as the latter two fall on 
the same line as that of ethyl- to isobutyl iodide, chloroform falls on 
methyl iodide, and the explanation is still the same. 

Carbon tetrachloride offers the nearest approach to a spherical shape 
in a compound, and thus its line (24) is to the extreme right of all the 
liquids yet discussed. The effect of a double bond on a usually spherical 
molecule is seen in the case of tetrachlorethylene (CCI, : CCl,) to be the 
largest yet encountered (line 25). 

Proof is thus continuously available that the shape of the equipotential 
surfaces or of the inner zero surface enveloping a molecule is the funda- 
mental characteristic giving rise to the “ specific viscosity curves.” Or, 


again, that the effect of an atom, radical, or a structural characteristic 
may be negative, nil, or positive to a greatly varying degree, depending 
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entirely on the relative position of the new addition in the molecule and 
presence or absence of other atoms, radicals, or structural bonds. Hence 
no useful purpose could be served in compiling a table showing the numerical 
or quantitative magnitude of such effects. They are special to each 
case, and since the lines are in a fan shape, will vary slightly with the value 
of 7'/T', chosen for comparison. No useful purpose could be served by 
detailing other cases, but three charts have been prepared for further 
studies of special importance :— 


(1) The oxygen groups for association studies 
(2) The cyclic groups for viscosity index study 
(3) The elements for apparent and important anomalies. 


The Ozxygen-Containing Groups. Many of the oxygen-containing 
organic compounds exhibit “association”; but this property has pro- 
bably been blamed for more anomalous behaviour than those for which 
it is actually responsible. Thus a short consideration of the effects of 
‘ association ” to be expected with regard to specific viscosity would be 
desirable. 

Since the unit involved in the elementary process of viscous flow may 
perform the process either in a unimolecular or polymolecular fashion, 
the fact that the unit is comprised of one molecule or two. associated 
molecules should not be evident. On the other hand, if the unit is com- 
prised of two molecules at one temperature and only one at another, this 
fact will reveal itself in a definite manner, as follows :— 

A liquid may be assumed, for the purpose of the analysis, to be completely 
unassociated at the boiling point. Then to remove one molecule from the 
liquid a certain energy A £ is required, represented by the energy of 
vaporization. Thus for evaporating one mole the energy required is 


N.AE 
where N = Avogadro’s Number. 


Supposing instead of vaporization the unit is made to perform the 
similar function of viscous flow where only a fraction of the. molecular 
volume is swept by each molecule, then the energy required per mole is :— 

NAE AE, Ml 
.-_*: = = 


Assuming, however, that at a lower temperature the whole number of 
molecules have associated into the dimer form, they would still perform 
the same elementary process (if the shape is not changed greatly) and 
sweep the same fraction of the new molecular volume, which is twice the 
original. Thus the energy of viscous activation per mole is double the 
original, i.e. :— 
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Thus » appears to decrease with decrease in temperature if on decreasing 
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the temperature the ratio of polymers to monomers increases. Since the 
bases for the “‘ specific viscosity curves ” is the general equation 


log (*) = 53a. (7 - }) 


it is seen that as 7'/7', decreases, n will decrease in value, and thus log », 
will increase—i.e., the slope of the line will be less steep on the chart for 
associated liquids than for unassociated liquids. In other words, where 
the degree of association decreases with rise in temperature, the characteristic 
line on the chart will slope away and to the right from the corresponding 
unassociated liquids line having the same viscosity at the boiling point as 
the associated. On the other hand, if the liquid exists throughout its range 
and boils in the bimolecular or trimolecular forms, then the line will be that 
of an “ unassociated”’ liquid—i.e., no effects of association can be seen. 
These two rules are exemplified by the alcohols representing the first case 
and acetic acid, which boils mostly as the dimer, representing the second, 
and yielding a line parallel to normal liquids occupying its position. 

It is also seen that since the latent heat per mole is calculated on the 
basis of the mole containing N molecules, while in associated liquids the 
“ mole ” would really contain a greater number than NV, Trouton’s function 
of M1/T would yield greater values for the associated liquids than the con- 
stant assumed in the construction of these charts. On the other hand, 
this does not invalidate the accuracy of the argument, since (1) the true 
value of the molal latent heat divided by the temperature at which the 
molecules evaporate in the associated form—hypothetical but higher than 
Tz, since a greater level of energy is required by the molecule—would 
probably yield the constant. (2) The fact that even water and trimethyl 
carbinol yield definitely straight lines on these charts prove that (1) is 
correct, and hence the basis of the argument authentic. 

Thus the degree to which the characteristic line is out of parallel to the 
line representing a normal liquid and occupying a position on the chart 
at which the associated liquid loses all its association bonds is a measure 
of the degree of association of the liquid under consideration. The boiling 
point may: be considered here, for simplicity, to represent a point at which 
all the molecules exist in their lowest isomeric form—the alcohols being 
assumed to be monomeric. 

The Alcohols. On this basis the alcohols will be studied from two points 
of view :— 

(1) The position of log » at 7'/7', = 1 to indicate the degree of depar- 


ture from spheroidal shape. 
(2) The general slope of the line to indicate the degree of association. 


To understand the shape of the alcohols it is only necessary to assume 
that the volume enclosed by the inner zero surface of the hydroxyl group 
is equivalent to the volume of the corresponding surface of an alkyl group 
C,H,,.,, where n is to be determined. Methyl alcohol is seen (line 1) 
to occupy a position at 7'/7', = 1 midway between the CCl, and n-paraffin 
line, indicating that one surface or the other encloses greater volume. 
That the surface of the OH group is the larger one is seen from the fact 
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that ethyl and propyl alcohol (lines 2 and 3, Fig. 14), move progressively 
to the right; n-butyl (line 4) however, reverses back to the left. Thus the 
n-propyl alcohol, which is the nearest of the normal alcohols to the CCl, 
line, denotes the nearest approach to spheroidal shape of the molecule 
amongst these substances. A nearer approximation is shown by the 
isobutyl alcohol and trimethyl carbinol. It cannot be pure coincidence 
that these alcohols surround the value shown by CCl, at 7/7’, = 1; it is due 
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Fie. 14. 


to the fact that the molecules possess balanced spheroidal effective shapes in 
these compounds. (It is not necessary that the moment is zero, since the 
centre of the spheroid is not necessarily coincident with the centre of mass.) 
All higher members of the alcohols show greater drift to the left, which 
appears to reach a constant position as shown by the two amyl alcohols 
(7 and 8), dimethyl ethyl carbinol (line 9), and allyl alcohol (line 11) on 
Fig. 14. It is to be noted that the generally accepted rule that an OH 
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group confers large viscosity values has no basis when the effect is separated 
from the effect of association. This point will be again proved by the 
case of potassium hydroxide. In other words, any large values of viscosity 
in a molecule containing an hydroxyl group is due to the increased 
association at lower temperatures, and not to the possession of the hydroxyl 
group directly. 

The association of the alcohols is studied from the slope of the lines. 
With all alcohols a slight curvature, seen on the large-scale charts, was ob- 
served above the value of 7'/7'; = 0-95, showing a faster rate of dissociation 
than below that value. The curvature was too small to be drawn, but 
quite definite if the individual points were studied. Thus while it may 
be due solely to the increased inaccuracies around the region of the boiling 
point, the possibility that a critical region occurs at 0-957’, is interesting. 

The degree of association may be summarized here :— 

(1) When the alkyl radical in the alcohol is normal, the tendency to 
increase the degree of association at lower temperatures increases until n 
in C, H,,,, reaches the value of three, where it appears to reach a 
constant value. 

(2) When the alkyl radical is branched, the tendency to increase the 
degree of association is greater than the corresponding normal straight- 
chain members of the alcohols. Amongst these branched alcohols the 
tendency to increase the degree of association appears to be of the same 
magnitude for all members. Thus isopropyl, isobutyl, and active amyl 
alcohol are nearly parallel to each other (lines 5, 6 and 7, Fig. 14). 

(3) Although at the boiling point inactive amyl alcohol (line 8) has 
slightly higher viscosity than the active amy] alcohol, the degree of associa- 
tion of the latter is greater than the former at lower temperatures, and 
line 7 crosses and travels to the right of line 8. Thus association may 
mask the fundamental effects of structure if not properly isolated. 

(4) Degree of association at lower values of 7'/7', increases greatly with 
tertiary alcohols. Thus dimethyl ethyl carbinol (line 9) has a lower value 
of viscosity at 7’, than the primary ethyl and propyl alcohols, yet its 
characteristic line very quickly crosses the lines of the latter and has 
greater viscosity values at similar 7'/7', below 0-95. Trimethyl carbinol 
starts with a high value of » at 7',, due to its symmetry, and possibly to a 
slight degree of association at the boiling point, and moves to the extreme 
right of the remainder. 

(5) The case of allyl alcohol is interesting. It shows a smaller tendency 
to change its degree of association than the remainder, excepting methyl 
alcohol. This does not necessarily mean that it exists in an unassociated 
state; but it signifies that whatever the degree of association existing at 
lower values of 7'/7',, it boils associated to approximately the same extent. 

(6) Association is more probably a function of the ratio T/T’, thanofT. This 
fact is probably of greater importance than the remainder, since the present 
state of uncertainty in the study of “ association” may be due to the 
fact that the fundamental ratio of 7'/7', as a basis of comparison is not re- 
cognized. On the other hand, this study of association is yet in a quali- 
tative state, and needs further development before its findings are accepted 
as truths and the method used as a means for investigating intermolecular 
forces responsible for association. 
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Acetaldehyde and the Ketones exhibit normal characteristics and occupy 
positions near the n-paraffin lines. The ketones exhibit greater approach 
to spheroidal shape than the aldehyde (line 12). It is to be pointed out 
that probably the purest of the ketones studied by Thorpe and Rodger 
and reproduced here is the methyl propyl ketone (line 16), as the least 
error was observed between the calculated and actual vapour density of 
the liquid. Thus line 16 may be taken as authentic. The next in purity 
as judged by this standard is dimethyl ketone (line 13), which is found 
very nearly on the same line, whilst methyl ethyl ketone (14) is 
nearly on it on the other side. Thus the three ketones may well be taken 
to lie on one characteristic line, the ketone line, represented by 16. The 
greatest degree of impurity amongst the four ketones was found with 
diethyl ketone, which may account for its departure to the left. Thus the 
line 16 may be used for giving the viscosity of the ketones in the pure 
state to a greater accuracy than the reported values, once the boiling 
point of the unknown ketone is found accurately. This fact illustrates 
the practical use of the chart. 

The Anhydrides and Ether —The anhydrides show greater balance than 
the ketones and are unassociated—or keep the same degree of association 
throughout the liquid range. Acetic anhydride is more balanced in the 
general shape of its surface than the propionic anhydride (line 18), indicating 
that the field around the (CH,CO), is stronger than that around the (O—) 
group. Thus the field of the latter is comparatively weak. This explains 
the lack of any effect on the general surface of the n-paraffin when the 
(O=) group is included in the diethyl ether (line 19, which lies on the 
n-paraffin line). 

The Carboxylic Acids are again studied from two points of view :— 


(1) The viscosity at the boiling point indicates that formic acid has the 
nearest approach to a spheroidal surface and its value of yg is near the 
region of CCl, and other spheroidal bodies. Thus it would be expected 
that as R is lengthened any movement of the line will be to the left on the 
chart. This is actually the case, and it appears that there is a constant 
value from propionic acid upwards. 

(2) Association is studied from -the slope of the line. Formic, acetic, 
propionic, butyric, and isobutyric show invariancy of degree of association 
with temperature. This is supported by other observations, as acetic 
acid is definitely known to boil in the bimolecular form. Thus probably 
the other acids behave in similar manner. 


Water behaves in perfect harmony with these ideas. Its value for ny, 
is that of a molecule which is anisotropic but which possesses a nearer 
approach to spheroidal shape than the oblong paraffins. Again it shows 
change of degree of association with decrease in 7'/7',. It is interesting to 
note that this change of degree of association is not excessive, in view of 
the following theories on water. According to Walker, water in the 
liquid state is mainly dihydrol, with some trihydrol near the freezing 
point and some monohydrol near the boiling point. Kendall,* however, 
appears to agree with Langmuir “that the whole ocean consists of one loose 
molecule and that the removal of a fish therefrom is a dissociation process.” 
The change shown by line 25 in the degree of association is in support of 
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Walker’s view, unless in Langmuir’s theory the “ loose molecule ” is made 
to be bound by bonds which are relatively stronger with decrease in tem- 
perature. 

The most remarkable fact emerging from Fig. 14 is that all these com. 
plex compounds yield definite straight lines, thus confirming previous 
conclusions and proving the two facts :-— 


(1) Change of degree of association with temperature is shown by such 
charts.* 

(2) Study of association should be made on the basis of T'/7', and not 
T when comparing liquids. 


Cyclic Structures.—The thirty compounds containing a cyclic structure 
confirm the observations made with regard to spheroidal and anisotropic 
shapes of the enveloping surfaces, and how the specific viscosity is affected 
by branching, unsaturation, etc. These will be left to be studied from 
Fig. 15 with only a few remarks as below. 

(1) Comparison of the independent ring with its methyl and ethyl 
substituted homologue at equal temperatures gives a familiar anomalous 
behaviour, as is the case with many other substances, such as the un- 
saturated compounds, acids, etc. 


























Viscosity at 
Compound. 

0° C. 20° C. 50° C. 80° C, 100° C. 
Benzene ‘ , ° 0-9015 0-6515 0-4365 0-317 0-2655 
Toluene ; ° , 0-764 0-5835 0-417 0-3135 0-2665 
Ethylbenzene ‘ ‘ 0-877 0-668 0-4785 0-3595 0-305 
cycloPentane ‘ : 0-556 0-4375 0°3245 (0-2525) (0-2190) 
Methylcyclopentane ‘ 0-647 0-501 0-3615 0-274 0-2345 
Ethyleyclopentane : 0-7415 0-569 0-411 0-3125 0-2685 
cycloHexane : ‘ 1-455 0-9865 0-6095 0-413 0-332 
Methyleyclohexane e 0-991 0-728 0-4945 0-3665 0-3095 
Bihpladhinnee ‘ , 1-161 0-8375 0-5715 0-417 0-350 





It is also apparent that while cyclopentane is less viscous than benzene, 
cyclohexane is more so. These erratic characteristics disappear when 
comparing on a 7'/7', basis. It is seen that :— 


(a) Recognizing a slight degree of association in the benzene molecule: 
the cyclohexane series is always to the right of the cyclopentane series, and 
the latter to the right of the aromatic members. It will be remembered 
that in these graphs molecular weight is not a factor, and thus C,H,, is 
comparable with C;H,, and C,H,g. 

(5) In the three series the substitution of a methyl group in the ring 





* Numerical comparisons of the increase in association with decrease in temperature 
for different liquids may be obtained in this manner: Assume the d of associa- 
tion to be unity at the boiling point. A line is then drawn through the intersection 
of the typical line with 7'/7T's = 1 and made to be liel with the line which would 
represent a normal liquid having the same value for yg, the viscosity at the boiling 
point. Then for any value of TIT, chosen for comparison—say, 7'/T'z = 0-75—the 


ratio of the value of log at 7'/7', = 0-75, as given by the actual line, to that of 
log 7 on an hypothetically normal line at the same value of 7/7’, = 0-75 is a measure 
of the increase in degree of association over that existing at the boiling point. 
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shifts the line to the left, as the symmetry of the enveloping surfaces is 
necessarily affected. 
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(c) Lengthening the chain still brings the position of the lines nearer 
the n-parafiin, reaching a constant position with ethylbenzene and higher 
homologues of the aromatics, and with n-propyl substitutes and higher 
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members of the more spheroidally shaped naphthenes. Thus points 
3, 4, 5, 6 and 7, representing ethyl- up to n-hexyl-benzenes, lie on one line, 
points 16 and 17, for n-propyl- and n-butyl-cyclopentane, on another, and 
points 22 and 23, for the corresponding cyclohexane substitutes, on a third. 


(d) Of these members only benzene appears to associate to a slight 
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extent. This fact receives confirmation from the following table compiled 
by Hatschek,'* which table tends to show that benzene is slightly associated. 

















Association factor according to— 
Substance. 
s2 | Ramsay and . R Pr 
MacLeod. Shields.*? Bingham. Traube, 
ee: 4° kg 1-37 1-01 1-14 1-05 
Toluene . ‘ : , 1-08 os 1-06 _- 
Ethylbenzene . j ‘ 0-91 — 1-02 — 











(2) Two direct proofs of the general theory are afforded by the cases of 
the figure given by 
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PROJECTION ALONG THE 6 AXIS, SHOWING ONE CUMPLETE PHTHALOCYANINE MOLECULE, 
THE PLANE OF THE MOLECULE IS STEEPLY INCLINED TO THE PLANE OF THE PRO- 
JECTION, THE M DIRECTION MAKING AN ANGLE OF 46° WITH THE b AXIS, AND THE 
L DIRECTION 2°3°. EACH CONTOUR REPRESENTS A DENSITY INCREMENT OF ONE 
ELECTRON PER A*, THE ONE-ELECTRON LINE BEING DOTTED. 


Crowfoot,®® and represents a projection of a phthalocyanine molecule 
obtained from X-ray analysis achieved by Robertson.** Neglecting the 
irregularities in the outermost contour representing one electron per A?, 
it may be conceded that the repulsive forces discussed above may be due 
to, and are generally of a contour parallel to, those of the electronic densities 
from two electrons per A? upwards. 

On this basis the inner zero point would also be parallel to these, and 
hence the diagram deals with some property which is parallel to the surfaces 
being discussed here. Although the plane of the molecule is steeply 
inclined to that of the projection, yet in this latter plane it is seen that a 
nitrogen atom is surrounded by an electronic density contour almost identical 
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with that of (CH) group in the benzene ring—taking the two-electron 
contour. Then, if the nitrogen atom exhibits the same characteristic in 
other planes, it follows that a substitution of a nitrogen atom in the benzene 
ring for (CH) should not affect the “ specific viscosity curve” of benzene. 
In Fig. 15 the points 9 are those representing pyridine, and it is seen that 
line 1, which is that of benzene, represents them to a better degree than 
any other—including the one drawn at an angle to it as the only other 
possibility. This fact is significant, since the electric moment of pyridine 
is 2-1, whilst that of benzene is zero, or at most only negligibly different 
from zero as shown in detail by Smyth,*? according to whom “ the replace- 
ment of a carbon in the benzene ring by nitrogen to form pyridine destroys 
the symmetry of the molecule and gives rise to a large moment.” The 
‘symmetry of the molecule ” discussed by this author is not the same as 
the surfaces discussed here. Pyridine and benzene exhibit a great many 
other differences in detail; but the “shape” of the molecule, as defined 
before, is the same for both. 

The other direct proof is that seen from dibenzyl. The two benzene 
rings of this compound can either lie in parallel—and hence the “ specific 
viscosity curve ” would approach that of cyclohexane or CCl,—or end-on, 
and then viscosity curve would approach that of n-paraffins. Robertson ** 
has shown again, by X-ray analysis, that they are definitely end-on, and 
thus the position of line 29 in Fig. 15 is in accordance with the theory. 
Again, in the case of diethyl ether the (O—) group was shown to be of very 
little effect in disturbing the general shape of the surface, and this fact is 
supported by the coincidence of the dibenzy] ether line with that of dibenzyl. 

(3) The sensitivity of the method to anisotropy and approach to 
spheroidal symmetry is shown by the case of the three xylenes. O-xylene 
is given as being nearer to the toluene molecule than the other two, and 
needs no comment. The fact that the p-xylene, with its slightly more 
symmetrically disposed methyl groups than is the case with m-xylene, 
possesses a “ specific viscosity curve” slightly to the right of the latter 
molecule is a sign of sensitivity to structure. 

(4) A study of naphthalene and its hydrogenated derivatives confirms 
the remarks about unsaturation. Although the tetrahydronaphthalene 
lies on the same line as that of the parent naphthalene, the decahydro- 
naphthalene is definitely to the right. Again alkyl substitution pulls the 
line to the left. 

Viscosity Index.—The present study yields some information on viscosity 
indices and renders the empirical study of this function some theoretical 
basis. In defining the viscosity index of an unknown oil U, two other 
oils are chosen, one of good viscosity characteristic H and one of low 
quality on the same basis L, so that all three oils are of the same viscosity 
at temperature 7’, chosen arbitrarily. The three oils are then heated to 
temperature 7’, and the drop in the viscosity is compared in the general 
equation 

X—Y 
V.L = Yy_z* 100 
Where X = viscosity of oil H at 7’,, 
Y = viscosity of oil U at T',, 
and Z = viscosity of oil L at T,. 
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Thus it is-a comparison of the relative drop in viscosity over the 
T, — 7, of the three oils. A similar function could be obtained if only 
two oils were taken, the unknown and the good-quality oil H, and a rule 
made that if X — Y is zero, the two oils are of the same quality; if 
X — Y = + we, the unknown is worse than H; whilst if X — Y = — ve, 
the unknown is the better oil. In Fig. 17 the two liquids A and B are 
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assumed to yield the two lines shown on the chart. To compare the two 
liquids they should have the same viscosity , at 7',. Thus the vertical 
through », cuts A at a value of 7'/7', = X and B at value of T/T; = Y. 
It is seen that 

X<Y 

(T's)a > (T's)2 
On heating the liquids to 7', the two liquids would drop in their respective 
lines in viscosity in amounts proportional to 

T,—T, Kk 
T, Ts 





Since (7'3)4 > (7'z)z, the drop in viscosity for A is smaller than for B— 
in other words, A is of higher “ viscosity index.” Thus the rule is, for two 
liquids, the one which yields a characteristic line on these charts to the left of 
the other is of higher viscosity index—i.e., it has a smaller proportional drop 
in viscosity for any constant drop in temperature. From this rule— 
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which is, in fact, another form of saying that of two liquids possessing 
equal viscosities at any one temperature the liquid with a higher boiling 
point is the more resistant to viscosity change with temperature—it is 
easy to reformulate rules already accepted in the Petroleum Industry. 


(1) The paraffins possess higher V.I. values than the aromatics and 
naphthenic groups. 

(2) Long-chain substitution in the ring increases the V.I.—‘“ paraflow ”’- 
like structures. 

(3) Since flat or elongated shapes are required for high V.I. values 
branches in the chain should be reduced to a minimum. 

(4) One long chain has better effects than two small chains having 
the sum total length of the single chain in the case of substitution in 
naphthenes and naphthalene rings. 

(5) Provided the chain is sufficiently long, it does not matter whether 
the ring is aromatic, naphthenic, or naphthalene. 

(6) Dunstan and Thole’s suggestion that true lubricants consist of un- 
saturated compounds receives further support to their special theories, 
since the flat, disc-shaped surface around a region of double bond 
increases the V.I. 

(7) The V.I. falls rapidly with increase in association, since the line 
travels at a faster rate to the right than the normal lines. 


All these conclusions have been actually found by Mikeska ® in 1936 
and put forward in an able and interesting paper. All Mikeska’s findings 
receive support from these charts. A few are given here as examples of 
the use and accuracy of the method and to compare general principles by 
theoretical studies. 

One important conclusion, however, is not given (as far as the authors 
are aware) in the literature. The idea that cyclic structures are inherently 
possessed of low viscosity indices is erroneous. If a molecule could be 
synthesized entirely of rings but the rings were joined end-on to each other 
(as in dibenzyl), and of sufficient length to yield viscosity values within the 
range of lubricating oils, such a liquid would possess a high V.I. despite 
the fact that it is entirely or mostly cyclic. In other words, if the shape 
of the molecule is elongated or dise-shaped it is immaterial whether it is 
cyclic or paraffinic. The most severe obstacle in the direction of such 
synthesis is the fact that with ring structures of the type 


etete 


the C: H ratio is very high, and thus coke is formed. The difficulty lies 
in producing a liquid of such molecules—i.e., by hydrogenation, methy- 
lation, or other means. 

(An attempt to give an “ absolute viscosity index” by comparing the 
liquid with the n-paraffin line produced downward to yield a viscous liquid of 
the range of the lubricating oil and utilizing the formula for the paraffin liquid 

"1 0-242MI (Ts, 
089.2 = 33 x Tie (# 1) 


yielded a very narrow range, and thus proved impracticable). 














- 


pete eco 





SP RR 


202 NISSAN, CLARK, AND NASH: THE DEPENDENCE OF 


Elements and Organic Compounds.—The alcohols presented an anomaly, 
in that the lines were far less steep than the shape of the molecule and the 
position of the line demanded. This anomaly was successfully explained 
by the supposition that at the value chosen for 7’, a higher value for the 
energy of activation is required to boil the liquid in the polymolecular form, 
since a larger molecule is transferred to the vapour state. Another way 
of stating this fact is that the value chosen for 7’, should be higher than 
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that reported in the literature if the molecule evaporated in the poly- 
molecular form—the literature reports the evaporation of the monomeride 
—thus the position of any point (y7, 7'/T'3) would be vertically lower 
than that shown on the graph and the line parallel to a normal liquid. The 
case of acetic acid is a proof of the case, since this liquid boils mostly 
in the bimolecular form (cf. discussion on Trouton’s rule by Friend,” 
p. 89, or any standard book on Physical Chemistry). 
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(11), and Nitrogen (12). 

Argon and iodine will be studied in detail to illustrate these anomalies. 
Argon has spherically shaped equipotential surfaces.** The line should 
therefore be near that of CCl,. Its actual place is seen nearer the n-paraffin 
line. This position cannot be explained by the supposition that the elec- 
tronic orbits form an ellipsoidal surface, since the evidence of viscosity 
itself shows a spheroidally shaped surface when n =“ is calculated 

vis- 
and found to be 3-09. Similarly » for nitrogen is 3-02, yet the line is to 
the left of the n-paraffin line, whilst it should be near or coincident with 
CCl,. 

Iodine presents the other extreme. The value of n calculated averages 
round the figure 4, and should therefore be nearly coincident with the 
n-paraffin line. Actually it is far to the right of CCl, line, although keeping 
parallel to the n-paraffin line. Attempts to explain the position by associa- 
tion would take the following form—and fail. Since the line is parallel 
to the n-paraffin line, if iodine is associated to any extent in the liquid 
state it will preserve that degree of association up to the boiling point. 
Then at the boiling point it could completely dissociate to the form J,, 
as in J, == n/2J,. This fact, if tenable, would explain the “ viscosity 
exaltation ” of iodine, to borrow a term from optical properties. This ex- 
planation is untenable due to the following considerations :— 


(1) According to data in the International Critical Tables,®! iodine 
dissolves in water in the form I,. 

(2) According to Friend,” iodine dissolves in methylene iodide in 
the form I,. 

(3) According to Kendall,24 substances dissolve in their liquid form, 
and not in gaseous form, as the classical theory according to Van ’t 
Hoff postulates. 


Thus it may be safely concluded that iodine exists as I, in the liquid 
form, although no actual determination is available in the literature. 
It is well known that over a large interval in the vapour state it is in the 
diatomic form. 

To explain the anomalous position of these elements, then, an entirely 
new procedure is required. The viscosity and vapour pressure phenomena 
of liquids have been seen to be variants of the same process—4.¢., trans- 
porting molecules through a fraction of their volume of space in the first 
case and through their volume of space in the second. Thus the viscosity 
at the boiling point of these elements have been plotted as a function of 
the boiling point in Fig. 19. 

It is seen that viscosity at the boiling point, or at a comparable state, 
is a rising function of temperature. At zero absolute the viscosity approaches 
zero, as is confirmed by Keesom and Macwood,®* who give ng for H, at 
< 138 uP and for He at 30 uP and the viscosity of He at zero absolute 
tending towards zero (cf. alsc Tisza %). 

This graph suggests the following explanation for viscosity of liquids, 
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The case of the following elements present the opposite type of anomaly : 
Argon (point 1 on Fig. 18), Chlorine (8), Bromine (9), Iodine (10), Oxygen 
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Up to the present it has been maintained that viscosity in liquids is essen- 
tially different from that of gases, since it always decreases with tempera- 
ture in the former case, whilst it increases with the latter (cf. Andrade, 
Kendall, etc.). Actually, it is evident that in the elements, at least 
viscosity has a rising function with temperature, but superimposed upon 
this fact is a more important decreasing function. Thus it may be 
summarized :— 

For those elements which are not ionized in their liquid state the viscosity 
is affected in two opposing manners when the temperature is raised. With 
increase in temperature the intermolecular bonds weaken, or the potential 
barriers to the flow of the unit from one mathematical minimum to a lower 
one decreases in length, thus necessitating lower values of energy of activa- 
tion and resulting in a comparatively large decrease in viscosity. At the 
same time energy loss due to “ collision” of the molecules in a similar 
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manner to the gaseous state gets higher with temperature, resulting in a 
secondary increasing function of viscosity with temperature. The algebraic 
sum of these two effects, in those liquids where the intermolecular bonds 
are strong, is a decrease of viscosity with temperature—the decrease being 
a function of “‘n” and 7'/7',. It is essential to note that, on this hypothesis, 
if the intermolecular bonds were either non-existent or extremely weak, 
then viscosity variation with temperature would be entirely governed by 
the second effect. According to Bernal,™ liquid helium, owing to the 
wide amplitude of vibration, possesses “no rigidity.” In other words, 
liquid helium would provide a test case, since its viscosity would then be 
entirely governed by the loss of energy on “collision.” Keesom and 
Macwood * have definitely proved that the viscosity of liquid helium 
increases with rise in temperature, thus substantiating this hypothesis. 
The word “ collision ’’ should be stated in more explicit terms, since in 
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a liquid as pictured in this paper not only is there no “ free space’ in the 
meaning accepted for gases, but it has been postulated that molecules 
interfere with each other and have their effective boundaries within the 
space occupied by other molecules. Collision here simply means that 
when a molecule breaks contact with the zero point surface of another 
molecule and moves forward towards a third, it transmits part of its 
kinetic energy to the third in an imperfectly elastic manner—+.e., with a 
certain loss of momentum in the form of undirected energy. 

Between the two extremes, helium and the other elements mentioned 
here, the metals provide a medium position of varying extent. The vis- 
cosity change with rise in 7'/7', is almost negligible, showing that the 
lowering of the potential barrier with rise in temperature is almost com- 
pletely offset by the increased loss of energy on collision (of a slightly 
different type from that discussed above). 

It was shown by Ewell that the supposition of metallic molecules flowing 
in the ionic form, without their valency electrons, gave an explanation for 
their viscous flow characteristic. Modern theory of electrical conductivity 
and paramagnetism of metals lends support to this view. On rise of 
temperature, electrical resistance rises lineally with temperature, and is 
supposed to be due to the increased scattering of the electrons carrying 
the charge by the imperfection in the lattice of the metallic crystals. 
Similarly, in viscous flow an increase in temperature means that a smaller 
number of atoms is flowing without their valence electrons and greater loss 
of energy on collision. This cause of increase of viscosity with temperature 
is opposed, and slightly offset, in the opposite direction by the decrease in 
the energy required to move the ion across the lower potential barrier. 
Thus mercury (points 2 on Fig. 18), cadmium (3), lead (4), antimony (5), 
single point 6 for bismuth, and copper (7) all show a low value for viscosity 
at the lower values of 7'/7's, indicating that only a small fraction of the 
molecular volume is involved in the elementary process. All show a very 
slight decrease in viscosity with temperature. To summarize the behaviour 
of the elements, both metals and non-metals :-— 

(1) Liquid helium shows only the increase effect in viscosity with 
temperature—possibly the decreasing effect is existing but minor in im- 
portance, as the rate of increase in the viscosity becomes less with higher 
temperatures in Keesom’s plot of y vs 7’. 

(2) Metals show an almost invariant viscosity function with temperature, 
thus the two tendencies tend to balance, due to the particular case of the 
electronic characteristics. 

(3) Un-ionized elements show the decreasing effect completely counter- 
balancing the increasing effect. Yet even in these elements the increasing 
function of n with temperature is important enough to put y, in a position 
opposite to what the ordinary demands of molecular shape would dictate. 

A consideration of fundamental importance arises here: It was proved 
previously that, since all these elements and compounds yielded straight 
lines, they are all governed by one general law. Thus it must follow that 
in all liquids rise in temperature has the two opposed effects on viscosity : (1) 
a decrease, due to lowering of potential barriers in accordance with accepted 
principles of liquid viscosity ; (2) an increase in viscosity, to a much smaller 
extent except in helium and metals, due to loss of energy probably in the 
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manner accepted for gaseous viscosity. The difference in the viscous behaviour 
of gases and liquids thus becomes a matter of degree and not of kind.* 

The inorganic compounds do not show any new characteristic. Sulphur. 
and nitrogen dioxide are apparently in a normal state above the temperature 
representing 0-97’, and of the same general shape. Ammonia yields a 
line in accordance with the concept of the anisotropic molecule consisting 
of nitrogen and three hydrogen atoms being placed at the four corners of a 
tetrahedron and in opposition to symmetrically disposed hydrogen atoms 
around the nitrogen atom. Mercuric bromide shows a great degree of 
association at lower temperatures compared with those above 0-957',; 
whilst antimony tribromide appears to be spheroidal, and its line is coinci- 
dent with CCl, (the data are, however, meagre). 

The alkali halides tend to group themselves around one line representing 
potassium chloride (19). (The curvature in the line of NaCl is most probably 
due to the inaccurate knowledge of its boiling point.) Probably calcula- 
tion of the boiling points of these halides would be more accurate if the 
reverse step were taken—assume they lie on line 19 and calculate 7’; from 
viscosity data. 

The case of potassium hydroxide (22) is of interest. This compound is 
completely ionized in the liquid state, and hence—since K would have 
very low viscosity as in the case of other ionic liquids—if the (OH) group 
possessed large viscosity characteristics, as has been assumed, the line 
would indicate it. Actually the position of the line indicates that an (OH) 
group is possessed of similar viscosity characteristics as the metals, thus 
confirming the conclusion reached from the study of the alcohols at their 
boiling point. The high viscosity of, say, glycerol at 0° C. is due to the 
fact that if the correct values of energy of activation and boiling point 
of the liquid in the associated state were known, the value of 273/7', (repre- 
senting 0° C.) would be far lower than its accepted position, and the liquid 
would be less viscous comparatively than the paraffins, since at such low 
values of 7'/T', the paraffins are solids, and hence of extremely high vis- 
cosities. It is due, in fact, to the incomparable states of the two liquids, 
and not to the possession of high viscosity values by an hydroxyl group, 
or even the grouping of hydroxy] radicals in a molecule—except indirectly, 
since association appears to be connected with the existence of such groups 
as (OH), etc. 

Before the conclusions it should be pointed out that Kapitza®® has 
suggested that the viscosity of helium is so small that even in the flow 
obtained between plates the distance apart of which was estimated at 
0-5 u, the Reynolds number was above that for which turbulent flow is to 
be expected. This fact may detract from the value of the present con- 
clusions; but Keesom and Macwood are “ quite sure that the motion of 
the fluid at all times was laminar.”’ These points await confirmation. 

Again, no reason was found why the elements are affected to a greater 





* During the time the paper was being printed, W. L. Nelson (Oil Gas J., 13.7.39, 
38 (9), 50) correlated viscosity of high-pressure gases and liquids and found: “ That 
at high pressures the lines for gases (viscosity) at reduced temperatures 1-5, 2-0, and 
4-0 show that the viscosity of such gases decreases with temperature as you would 
expect liquids to behave.’’ Since the reduced temperatures were of the order of 47’, 
there is no question of liquefaction. 

This result was directly deduced in the present work, 
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extent by the secondary increasing effect of viscosity with temperature 
than compounds appear to be. The latter are chiefly governed by the shape 
of the molecule. This second point should prove of interest and impor- 
tance. 

The general law of the variation of liquid viscosity with temperature— 
and possibly of all flow of gases, liquids or plastic and crystalline solids— 
is yet unknown. All that is known about it is: (a) it is exponential, 
(b) the energy of activation in the exponential term is a variable, (c) possibly 
the “ constant ” term is a rising function of temperature. 


Conctusions (cf. Note by Authors ®). 


[. Mechanism of Viscosity. 

In the introduction the authors formulated what appeared to them to be 
established principles concerning the mechanism of viscosity in liquids. 
It was pointed out that the rule, for monoatomic spheroidally shaped 
liquids, 





ARs. _ 
log {5 am} + 137 Tm — ° 
if proved rigorously to be correct, would render the three states of matter, 
gas, liquid, and solid, into one continuous series of changes with no abrupt 
breaks of unrealizable states in so far as flow is concerned. Further in 
this work it has been established that one law only governs the viscous 
flow of all the liquids studied by the authors. The general law of viscosity 
in liquid is as yet unknown. It is made up of two functions :— 


(1) A rising function of temperature probably in a similar manner 
to gaseous viscous flow. 
(2) A falling exponential function of temperature. 

Thus gaseous flow and liquid flow (in the viscous state) are probably 
connected in the following order : gases in normal state, compressed gases, 
helium, metals, ionic liquids, normal liquids, and finally associated liquids 
showing the greatest fall in viscosity with rise in 7'/7',. 

Ewell has pointed out that flow in liquid and crystalline matter is of an 
identical nature. Eyring had produced an equation connecting New- 
tonian and non-Newtonian types of flow. Thus it is to be concluded that 
one law governs all viscous flow in all states of matter, and that there must be a 
solitary equation giving the change, with temperature, of magnitude of viscous 
forces in flowing matter. Various terms in the equation would either vanish 
or predominate as the substance changes its state. 

Thus no theory can be complete unless it gives the mechanism of viscous 

flow in all states. On this basis none of the existing theories can be com- 
plete. 
(Of the various formule put forward, Eyring’s equations appear to be 
the nearest to the general law. These formule contain rising and falling 
functions of temperature. Before they can be established as generali- 
zations, however, they are to be applied to gaseous as well as plastic flow. 
Only in one case have they been tested in the latter type of flow and in 
that case found to hold.) 
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Regarding the mechanism of viscosity of liquids the conclusions derived 
in the first portion of this peper are fully supported in the second, but with 
the addition that there is a loss of momentum due to collision. 

The authors consider the following as statements of established facts :— 


(1) Vapour pressure and viscosity are functions of the same variables— 
i.e., the forces taking part are identical in both cases. 

(2) The ratio of heat of activation in the case of vaporization to that of 
viscosity is a definite constant for a substance. In the case of associated 
liquids this constant appears to vary, but actually the variation is due to 
the fact that the true value of heat of vaporization at that particular 
temperature is not known for the polymer form. 

(3) The heat of activation in viscous flow is variable with temperatures 
even for the »-paraffins. Over narrow ranges it appears invariant with 
temperature for non-associated substances. 


II. Constitution and Viscosity. 

(1) A “specific viscosity curve” is found for various species or types 
of molecules by plotting log » vs 7'/T7';. 

(2) The chief variable determining the position and slope of this curve 
appears to be n = AB rap. 

AE vig. 

(3) For normal liquids the curves arrange themselves in a fan-shaped 
manner in a narrow space. The position of the curve is entirely governed 
by the degree of spheroidal symmetry possessed by the inner zero point 
surfaces of the molecules as defined above. Thus it is not a generalization 
of the effects of such groups as (CH,), (OH), etc., that appears to be possible 
to predict, but only specific cases as applying to each particular molecule :— 

(4) Where the addition of any atom, radical, or structural characteristic 
to a molecule enhances the spheroidal symmetry of the molecule the 
“ specific viscosity curve ” moves to the right—.e., higher values of » for the 
same value of 7'/7',. Where the effect is the reverse on the shape of the 
molecule the same atoms, radicals, or structural bonds will produce a drift 
to the left in the curve. Where the effect on the shape of the molecule 
is negligible the curve will represent both substances equally accurately— 
hence “ specific viscosity curves.” 

(5) Association reveals itself in a rapid shift of 4 to the right with a 
decrease in 7'/7',. When rise in temperature does not affect the degree 
of association the liquid appears normal—.e., unassociated. 

(6) Effects of association can mask the effects of structures, and should 
be separated by studying the liquid in its lowest degree of association. 

(7) The (OH) group is devoid of any high values of viscosity. The high 
viscosity of alcohols, glycerols, etc., is due to association. At room tem- 
perature the value of 7’ is small relative to 7';, where 7’, is not the normal 
boiling point, but some hypothetical boiling point at which the liquid 
would possess energy sufficient to make the molecules evaporate in the 
polymolecular form in which they exist at room temperature. This 
value of 7’, is unrealizable physically, since the bonds of association 
break down at such high levels of energy. 

(8) Metals possess relatively low viscosity values at lower values of 7'/7',. 
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This is believed to be due to the flow of the metal without the valence 
electrons. Evidence tends to show that this is true, and that with higher 
temperatures the metals are nearer to the state of normal liquids in their 
flow. 

(9) Viscosity indices of various structures are predictable by the charts 
employed here, by the rule that, the nearer the shape of equipotential 
surfaces to a spheroid the lower the V.I. One conclusion is that a high 
V.I. will characterize an oil of entirely cyclic structure, provided the rings 
are joined in such a manner that the molecule is rendered elongated. 
Difficulties in obtaining such substances in the liquid state will be due to 
the high C : H ratio. 

(10) The “ specific viscosity curves’ of the elements are governed by 
the rising function of viscosity with temperature to a greater extent than 
those of compounds which are mainly governed by the effective shape of 
the molecule. No reason was found for this. 

(11) The function 7'/7'; appears to be a suitable reduced temperature 
for comparing dynamic properties such as viscosity and vapour pressure. 
Probably association should be studied at equal 7'/7', values, and not equal 
values of 7', as it appears that change of degree of association of liquids 
with temperature is f(7'/T',). 
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THE INSTITUTE OF PETROLEUM. 


A MEETING of the Institute was held at the House of The Royal Society 
of Arts, John Adam Street, London, W.C.2, on Thursday, 14th March, 
1940, at 5.30 p.m. Professor A. W. Nash, President, occupied the Chair. 

The following paper was presented by Mr. A. H. Nissan :— 


“The Dependence of Viscosity of Liquids on Constitution.” By A. H. 
Nissan, B.Sc., A.M.Inst.Pet., L. V. W. Clark, Ph.D., M.I.Mech.E., 
F.Inst.Pet. and A. W. Nash, M.Sc., M.I.Mech.E., F.Inst.Pet. (see 
p. 155). 


DISCUSSION. 


Dr. A. E. Dunst An said it gave him the greatest pleasure to propose a vote of thanks 
to the authors for their important and interesting paper. He spoke with a certain 
amount of feeling, because it was just thirty-six years ago that he began his own studies 
on the subject of viscosity, and he thought that the members present that evening 
had taken very many steps forward in their appreciation of what was, to his mind, a 
vitally important phenomenon. 

When he began his own work, which perhaps Mr. Nissan remembered, viscosity was 
contemplated as a highly constitutive property, a property that was particularly 
applicable in fathoming molecular structure, a particulate and specialized property, 
but a little later on it was found that certain mathematical derivatives of the viscosity 
constant were not quite so particulate, but perhaps were even general. Of those, 
there were two that emerged. One was discovered by E. C. Bingham in America, 
who used the reciprocal of viscosity, which he called fluidity, and that proved to be 
specifically additive, and not particularly constitutive. About the same time his 
colleague Thole and he investigated the derivative function log. viscosity, and log. 
viscosity proved to be definitely additive and by no means constitutive (Dunstan and 
Thole, J. chem. Soc., 1913, 108, 127; 1914, 105, 782; 1915, 107, 667). He would be 
interested to hear if Mr. Nissan could say why it was that viscosity itself was pro- 
foundly constitutive, whereas the reciprocal and the log. were definitely additive. 

His colleague Thole and himself had plotted log. viscosity against molecular weight 
for a long range of many homologous series. Taking the fatty acids from C, up to C,,, 
at a temperature of 25° C., for example, log. viscosity against molecular weight worked 
out into a fairly linear relationship, 7.e., log. 7 = a + 6 X m.wt. Leaving out the first 
two members, which were always out of the picture, the relationship was given by a 
straight line which curved at higher values of molecular weight. If one took the 
same materials at a higher temperature—for example, 80°, 90° or 100° C.—then the 
relationship became much more closely linear. 

They imagined at the time that the departure from linearity at the high-molecular- 
weight end was due to the fact that some kind of molecular aggregation, or association 
or colloidal condition occurred—for example, in the case of the fatty acids, the sodium 
salts formed true soap which had quite different properties from those of the sodium 
salts of the acids farther down the line. He thought now that he and his colleague 
might have been quite right in supposing that the departure from linearity was due to 
the formation of molecular aggregations. They had taken the normal paraffins as 
far as they could get them, and found that for these hydrocarbons log. CH, x 10° was 
0-109; for a range of iodides as far as they were available log. CH, x 10° was 0-102, 
for a sequence of ethers log. CH, x 10° was 0-108, for a group of esters log. CH, x 10° 
was 0-107, and for a range of ketones log. CH; x 10° was 0-106. The alcohols were a 
little off the picture; they gave a CH, difference of 0-116, and the sulphides gave 
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0-091. The average, as could be seen, was fairly good, and, by taking the log. CH, 
from the hydrocarbons, one could obtsin the log viscosities for hydrogen. 

As a proof of the definitely additive relationship of log. viscosity, they took the 
substance isobutyl ethyl ether and built up a viscosity value from the log. viscosity 
value of the component atomic grouping, and the built-up figure thus calculated was 
0-0378. The most authoritative determination of the viscosity of this ether was 
due to the late Professor Thorpe, who gave the figure as 0-0376—a remarkable 
illustration of the additivity of log. viscosity in non-aggregated substances. 

The vote of thanks was accorded with acclamation. 


Pror. A. W. Nasu said, I am sure we are all indebted to Mr. Nissan for the able way 
in which he has explained the use of the various charts which have been put before us 
and the thought has occurred to me that there might be other ways in which these 
charts could be employed. 

One point has already been discussed in the paper—that of calculating the boiling 
point of a liquid from viscosity data where actual determination of this criterion is 
difficult. For instance, in the case of sodium chloride, if the line for alkali halides be 
taken to apply to all, then from the viscosity of sodium chloride at one or more tem- 
peratures the boiling point could be calculated. The case of the ketones is discussed 
in detail in the paper. 

Suppose now we look on these charts as giving us some idea of the approximate 
shape of the molecule, with a view to determining whether those liquids which ean be 
used as fuels are likely to behave as good, bad, or indifferent fuels when used either in 
a spark-ignition engine or a compression-ignition engine. Might we not expect that 
those liquids with lines to the right of the charts would yield good spark ignition fuels, 
whilst those on the left side would yield good diesel fuels, as the more spherical the 
molecule, the more resistant it becomes to chemical reactions ? 

Dealing with the spark-ignition fuels first, we find that, generally speaking, these 
expectations are justified in many compounds, but that there are also some glaring 
irregularities, Thus the alkylated benzene series are nearly on the paraffin line, and 
yet their blending octane numbers are, in fact, very high. iso-Octane itself is so near 
the normal paraffin line as to justify a prediction of but an indifferent fuel. cycloHexane 
is to the right of benzene, yet its octane number is not higher than benzene. 

On the other hand, there are a number of examples which follow this rule. The 
alcohols, bezene, cyclohexane, cyclopentane, and many other fuels are to the right of 
the chart, as shown in Figs. 14 and 8. Again, in Fig. 11 the lines designated 9, 8, and 
13 are all to the right of the iso-octane line 14. Their blending octane numbers are 
found to be 124, 101, and 116, respectively, whilst that of iso-octane is, of course, 100. 
Similarly, cyclohexene on Fig. 12, which is again to the right of iso-octane, has 
blending number of 132. Many other liquids could be enumerated. 

The case of the spark-ignition engine is complicated by the extraneous influence of 
a spark with its thermal, and probably electrical and catalytic effects on the course of 
the chemical reaction of oxidation. It is therefore not surprising, although perhaps 
disconcerting, that certain compounds should constitute a refutation of these arguments. 

In the case of diesel-fuel combustion the reaction is spontaneous to a greater extent 
than in the former type, so that, if this rule should be followed, it would have a greater 
chance of regularity in this type of engine. We see that the alkyl benzenes support 
these postulates and the paraffins themselves offer a good proof. Other examples will 
be found on detailed study. Certain irregularities occur also, for the course of the 
combustion takes place in stages, and is not a single chemical reaction defined by 
simple principles. Changes in any stage (delay action, etc.) may alter the whole 
course of the successive oxidations. 

But this does not affect the point I have in mind. 

At the Birmingham Meeting last year, Gann Shen, Wood, and Garner (J. Inst. 
Petrol., 1939, 25, 695) showed that by joining a long chain te benzene a good-quality 
diesel fuel was produced. The chain, however, had to be of a certain minimum length. 

From the charts put forward by Mr. Nissan we see that dibenzyl, although composed 
mainly of two benzene rings, lies well to the left of benzene. 

It occurred to us that it would be interesting to compare their spontaneous ignition 
temperatures. The literature gives the 8.1.T. of benzene, as determined by Moore’s 
apparatus and using oxygen, as 639°C. From a test carried out on dibenzyl under 
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similar conditions, we found the temperature to be 435° C., or 204° C. lower than 
benzene. It would appear, therefore, as if dibenzyl should prove a better starting 
point for alkylation for diesel fuel purposes, as the probable effect of a chain of a certain 
length would be greater with dibenzyl than with benzene, as we are starting with an 
advantage in our raw material. 

I do not wish to infer, however, that these charts provide anything in the nature of 
a method of rating fuels. As I have already remarked, many irregularities do exist : 
combustion conditions of fuel under high pressures and temperatures in the presence 
of all kinds of unpredictable external influences cannot be a function of molecular 
shape alone. Greater percentages of hydrogen appear to affect the 8.I.T. to a great 
extent. Thus, cyclohexane, located almost on the extreme right of the chart, has an 
8.1.T. of 296° C., as compared with that of 639° of benzene. It should, of course, 
if the S.I.T. were a function of molecular shape only, have a higher 8.1.T. than benzene. 
Still, it is worthy of note that not only has dibenzyl a lower S.1.T., but diphenylmethane 
which from a spot test was shown to have a viscosity line almost identical with dibenzyl, 
has an 8.1.T. of 408°C. This fact supports our supposition that, starting with an 
elongated molecule, even though the radicles are benzene rings, good diesel fuels 
should be obtained. This point cannot be proved, however, except by experiment 
on alkylated products of dibenzyl. Should such experiments be attempted, the 
evidence of these charts, meagre as it is, is that the paraffin chain should be attached 
to the free end of the benzene ring—that is, in the para position—and not to the 
mid-carbon atoms joining the two benzene nuclei together. 


Pror. J. D. Bernat, F.R.S., said that, as one who had taken a certain interest 
in the subject of viscosity, it had given him great pleasure to listen to the paper, 
which was a valuable contribution to the theoretical aspects of viscosity. It seemed 
to him to be an admirable example of what he would call extensive research. He 
thought that the theoreticians of viscosity, working on a rather narrow range of 
intensive studies of a few substances, definitely missed some quite important points 
that came out merely from studying a very large number of substances. 

He wished, however, to suggest a certain caution in the interpretation of the exten- 
sive phenomena under discussion, in that many different properties of substances 
were generally functions of the same variables: i.e., if one added in a series another 
CH, group, it would influence all the properties of the series—boiling points, vis- 
cosities, and everything else—and if one established a correlation between the effects 
on one property and on another, one might be dealing with something that was 
very much more fundamental than either of them. That was why he thought the 
most valuable feature of the paper was that it laid the stress on the shape of the 
molecule, which was very fundamental. 

It was clearly indicated in the paper that the shape of the molecule affected vis- 
cosity, but there was one point that he wished to raise in that connection. Ifa round 
molecule and a long molecule were compared, it was found that the round molecule 
apparently had a higher viscosity than the long molecule, if they were examined at a 
corresponding temperature with regard to the boiling point. It might be, however, 
that the round molecule had a higher boiling point as a function of its molecular 
weight, and that the viscosity should be compared at a different temperature. The 
ideal comparative temperature had not yet been found. In liquids such as paraffin 
or dibenzy] it was extremely difficult to make good fits between the molecules. Owing 
to their shape in the liquid state being oriented in different directions, they made 
rather bad fits, and that led to considerable increases in volume, which tended to 
lower the effective boiling points of the molecules as compared with the round mole- 
cules. That would need to be gone into by bringing in another variable—i.e., the 
pressure and volume relations. If the experiments were carried out at comparative 
internal pressures, very interesting relationships might be obtained. 

In producing the tables given in the paper, the authors had in a very ingenious 
way reduced all viscosity temperature variations to two somewhat arbitrary vari- 
ables: the position of the line and the slope of the line. It would be a very inter- 
esting addition to the paper if those two were treated as constants and, instead of 
plotting lines, Mr. Nissan took the lines as straight, and merely plotted any two 
parameters, such as the slope and the position, or any other two variables which he 
chose to characterize the lines. That might show a grouping of points which would 
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possibly be more easy to grasp than the grouping of lines which Mr. Nissan had 
shown. 

There were a few other remarks that he would like to make. One had reference 
to a detailed point that he thought required further investigation. An enormous 
amount of work had recently been published on liquid helium, and it would seem 
very dangerous to draw any conclusions from liquid helium at the moment, because 
of the anomalous) point of helium and the superfluidity of helium, which obeyed 
quite different laws from those obeyed by normal liquids. 

With regard to associated liquids, he thought the essential point which Mr. Nissan 
had made was absolutely correct—i.e., that one was really dealing with two kinds 
of associated liquids in regard to their viscosity : the kind which had double mole- 
cules, and the kind in which the association extended throughout the structure in a 
more thorough way. It was rather interesting to notice that in Mr. Nissan’s chart 
the liquids showing the greatest variation in slope were those where there was only 
one hydroxyl group in the molecule and the rest of the molecule was rather large and 
awkwardly placed, such as trimethylcarbinol, for instance. In that case it was 
clear that the association would diminish with temperature. He suggested that it 
was no longer very suitable to talk about association numbers in a liquid like water, 
because the association number was really the average number of molecules attached 
to any given molecule, and there was no separate associated group in a continuous 
liquid like water, whereas there was, of course, in a liquid like acetic acid or tri- 
methylearbinol. It was for that reason that the viscosity line for water fell between 
those of trimethylcarbinol and acetic acid. 

The fina] point he wished to make was on the subject of the charts for the simple 
substances, particularly for the halogens themselves. In treating a large number of 
substances, one thought at first sight that one had covered all variables, but when 
one came to consider the matter from the point of view of molecular structure, one 
found that practically all the compounds except the halogen derivative compounds 
had what might be called neon-like molecule coverings. In neon itself, or in aromatic 
CH or CH, or NH,, the outer electronic structure, which was what really deter- 
mined the approach of the nearest other molecule, was almost the same. Therefore 
in the case of most of the liquids concerned one was dealing with what might be 
called normal neon-like liquids. The moment one introduced a derivative, a chlorine, 
bromine, or iodine, one produced a different kind of field. The essential thing was 
that the kind of potential field which Mr. Nissan had reproduced in one of his figures 
which controlled the distance of closest approach in a liquid would be practically 
exactly the same for all neon-like substances, except where they contained unbalanced 
electronic structures, and therefore local poles, as, for instance, in water. When 
one introduced chlorine, bromine, or iodine, one got a curve with a deeper potential 
minimum, because of the greater polarisability of the particular bromine or chlorine 
or iodine group. He felt rather strongly that that was the reason why, as one went 
in the direction towards the higher polarizabilities one also went towards the left on 
Mr. Nissan’s curve. It was not a shape effect. The interesting suggestion that it 
was a temperature effect was, he thought, a cross-correlation; that was, there were 
reasons why the halogen derivatives had different boiling points and viscosities, and 
therefore one could correlate with the increase of temperature, but it was a correlation 
which depended on the form of the molecular field. 

He thought the paper showed a real breaking into the field of viscosity of first 
approach by a quantitative extensive study, and he hoped it would lead to a renewed 
interest in the subject on the part of the theorists. 


Mr. S. pE WAELE said he recognized that the paper should make a very great 
impression on the physicists interested in the subject of viscosity, and he could only 
reiterate the remarks of previous speakers that the paper represented one of the 
most important advances on viscosity and its theories that had appeared for several 
years. The paper was especially interesting in view of the fact that two or three 
years ago Irany had published before the American Chemical Society a method of 
obtaining linearity in the relationship between temperature and viscosity by employ- 
ment of an arbitrary (‘‘¢’’) scale based originally on the curvilinear log. viscosity— 
temperature relationship. His own experience, however, with this suggested treat- 
ment had been none too successful, but he was inclined to attribute his poor results 
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to the difficulty of determining viscosity accurately at elevated temperatures. Mr. 
Nissan’s application of the ¢ function of Irany had, however, yielded very valuable 
results when the reduced temperatures 7'/7', were used and especial care taken to 
ensure experimental accuracy of the viscosity data. 

Mr. Nissan had rather emphasized the significance of the high viscosity conferred 
by the presence of a hydroxy-group in a compound. Whilst the speaker was aware 
of the high viscosities of such hydroxy] compounds as castor oil and glycerin, he did 
not think that it was necessarily bound up specifically with the presence of hydroxy]. 
Thus, the higher unsaturated alcohols, such as oleyl alcohol, show normally low 
viscosities in conformity with their molecular weights. Now, whilst the hydroxy] 
group in castor oil is situated at about the middle of the chain, it is terminal in the 
higher unsaturated alcohols. 

He did not know how far others present at the meeting would agree with him, but 
he felt that the position of the normal paraffins at the extreme left of the chart did 
not seem to have been the subject of sufficient comment in the paper. One 
visualized the normal paraffins as forming long-extended chains, yet, so far as 
adsorption and polarity were concerned, it would seem wiser to imagine the chains 
curled up into balls. If they did thus curl up, would not they form what Mr. Nissan 
referred to as spherical molecules ? 

He welcomed the method which had been given by Mr. Nissan to those workers 
interested in the connection between viscosity and constitution, and personally would 
be very curious to see the results of its application to a problem in which he was 
specially interested. Whilst the treatment in the present paper had been applied to 
viscosities, there was, he thought, material for interesting research in correlating the 
related constant of mobility with vapour pressure. Thus, whilst viscosity, or its 
reciprocal fluidity cannot be applied to heterogeneous systems in which such factor 
is not constant with the rate of shear, the mobility which is defined as the differential 
coefficient of the rate of shear and the stress assumes constancy at all but low 
shearing stresses. Such constancy, by the way, only applies when true velocity 
gradients as distinct from rates of efflux in capillary shear are calculated from the 
latter. Then, with increasing degree of heterogeneity by progressive introduction of 


disperse phase, decreasing mobility is recorded, and certain somewhat rough ob- 
servations had indicated that the vapour pressure correspondingly decreased. An 
accurate correlation of mobility and vapour pressure, expressed on the basis of Mr. 
Nissan’s work would, he expected, prove to be extremely interesting and open up a 
new field for research on a subject which had not received the attention it deserved 
both from a purely scientific and a technical standpoint. 


Dr. E. B. Evans said he was sure that anyone interested in viscosity would be 
stimulated by Mr. Nissan’s very interesting paper. The insistence on the fundamental 
conceptions of viscosity was very important, because particularly those who were 
organic chemists were apt to lose sight to some extent of that aspect. The discussion 
on the relationship between vaporization phenomena and viscosity was also of parti- 
cular importance, and was of very great interest, especially as developed in this paper. 

The method of plotting used, involving T/T’, against log. n, was very ingenious, but 
there was a disadvantage in plotting the function 7/7. That disadvantage con- 
sisted very largely in the fact that 7’, was difficult to obtain in the case even of com- 
pounds of comparatively low molecular weight. Taking the case of hexadecene-l, 
that was not a compound with a particularly high molecular weight or boiling point, 
but there was considerable difficulty in obtaining a boiling point with accuracy at 
normal pressure. There were two or three quite good figures at pressures of about 
11 mm. or 15 mm., but they were not very useful in this connection. Hexadecene 
gave a line on the right-hand side instead of the left-hand side of the normal paraffin 
line in Fig. 12. The general effect of unsaturation was to lower the viscosity when 
one compared viscosities at equal temperatures. That held good in the case of a, 
B, y, and 8 olefines. In the case of the acetylenes the triple bond had the reverse effect 
and raised the viscosity. There were other exceptions to the general rule stated in 
the paper that unsaturation moved the line to the left; for instance, in the case of 
propylene bromide the line was well to the right of that for propyl bromide (Fig. 13). 
He would be interested to hear an explanation of that difference. 
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Finally, he would like to know whether this method of plotting had been tried out 
using kinematic viscosities, and, if so, what the result had been. There was reason to 
consider ‘‘ kinematic viscosity ’’ a more fundamental basis for plotting than “‘ absolute 
viscosity.” 

The basic equation appears to be of the type given by Andrade, and on page 177 


as 


quid = Acti, 


In the speaker’s opinion this should have been derived as 
nv = Aerie 


(Evans, Second World Petroleum Congress, 1937, p. 948), and, since 7v = U = kine- 
matic viscosity, it would seem to be better to use functions of U rather than of » for 
plotting. Most of the viscosity-temperature charts in use employ functions of kine- 
matic viscosity. 


Dr. F. H. Garner said that the equation 7 = Ae?! was not an entirely satisfactory 
expression of the relationship between viscosity and temperature, although the 
divergence from experimental results was only slight. The A.8.T.M. viscosity charts 
based on log. log. 7 + 0-8 against log. 7’ gave a straight line for practically all petroleum 
products, which indicated that 7 + 0-8 = Ae®/? would be an improvement over the 
simpler equation. It was, however, difficult to attach any physical meaning to the 
value of 0-8 added on to a viscosity, and the authors later in the paper had pointed 
out that B in their equation might vary with temperature. At a still later point in 
the paper they reviewed various suggestions which had been put forward to obtain a 
comprehensive equation relating viscosity and temperature, and with the more accurate 
data recently available on the viscosity of hydrocarbons it might be possible to develop 
a more precise form of the general equation » = Ae’? Such an equation would, 
however, probably not be so suitable in practice for plotting viscosity against tem- 
perature as that adopted in the A.S.T.M. curves. Dr. Barr has suggested the use 
of the formula 7 + a = 10/ wheref = (A + 6/T)* which in the logarithmic form 
becomes [log ,, (n + a)]** = A + 6/7 which is, however, purely empirical. Pro- 
ceedings of General Discussion on Lubrication and Lubricants (Institution of 
Mechanical Engineers), 1937, 2, 220. 

The President had raised the question of applying the valuable general relationship 
between constitution and viscosity shown in the paper to other fields, such as cetane 
number investigations; he felt that viscosity was influenced by such factors as the 
shape of molecules and possibly association in a way peculiar to this physical property, 
and that there were difficulties in applying the results obtained in the paper to physical 
properties dependent more specifically in chemical composition. 


Dr. N. L. Anritocorr said he would like to congratulate the authors on one of the 
best papers that the Institute had had on viscosity for a number of years. He thought 
that when the theorists had read the paper they might be able to correlate the results 
given therein with the fundamental theory of the viscosity of gases. He had always 
felt that Sutherland’s constant, or, perhaps, more likely, one of the constants such as 
Reinganum’s constant, would eventually be found to be involved in the fundamental 
theory of the viscosity of liquids. It would be remembered that Reinganum’s relation 
reduced to Sutherland’s if the exponential arising from Boltzmann’s law were expanded 
in terms of temperature and neglecting all terms in 7’ after the first. It might be for 
liquids that these neglected terms required consideration. Taking argon and hydrogen 
chloride, for example, if one considered these two gases from the point of view of their 
electron constitution, based on the Lewis—Langmuir theory, argon had a complete 
ring of eight electrons and hydrogen chloride had the same complete ring with the 
proton outside. If one investigated the viscosity change with temperature of those 
two gases, as he had done some years ago, it was found that, based on Sutherland’s 
relation, the effect of the proton on the collision area calculated from viscosity—tem- 
perature changes was comparatively small. The so-called ‘‘ target ’’ areas he found 
to be 1: 1-01 for the two gases on the Sutherland model basis, which difference was 
almost within that of experimental error, If, however, consideration were given to 
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another model type, which was in the case he examined, the Lennard—Jones model, 
the proton was found to have quite an appreciable effect. The Sutherland model 
differed from the Lennard—Jones simply from fundamental theoretical considerations, 
in that the Sutherland model considered only attractive forces, whereas the Lennard— 
Jones model brought into consideration attractive forces superimposed upon repulsive 
forces between the molecules, and it was probable that when the fundamental effects of 
molecular force on viscous flow were established, both attractive and repulsive forces 
would be found to be involved. Indeed, he was able to fit the experimental results of 
the variation of viscosity with temperature for these two gases over a very wide range 
of temperature quite accurately on to the theoretical curve evolved from fundamental 
considerations by Lennard—Jones. It would be remembered that Hasse and Cook pointed 
out that this theoretical curve could be considered as of three portions—two linear 
portions corresponding to the extreme cases where the viscosity was determined mainly 
by the attractive force and the repulsive force respectively, and a curved portion where 
neither played a dominating réle. In a sense they felt that the three portions corre- 
sponded to low, moderate, and high temperatures. It was possible that, in the method 
which Mr. Nissan had evolved in plotting the viscosities of the liquids against a paraffin 
series, he had by division eliminated some of the constants, and so produced a straight 
line. When theoreticians started to work on the subject, they might perhaps find that 
they would be able to develop some of the fundamental equations for viscosity— 
temperature changes which were missing in so far as liquids were concerned. Con- 
sidering the present position as based on the theory point of view, gases which were 
above the critical temperature followed a fairly well defined relation, such as Suther- 
land’s law, probably up to temperatures of 600° C. or 700°C. Above that temperature 
something seemed to happen to them. Going down the scale, as soon as one arrived 
at the vapour state (paraffin hydrocarbon vapours were investigated a number of 
years ago) the variation of viscosity with temperature was no longer in conformity with 
Sutherland’s law. Mr. Nissan had now brought the subject back to the useful straight 
line again, and it might now prove possible to find some theoretical fundamental 
relations, so that a satisfactory fundamental viscosity—temperature relationship for 
liquids could be evolved from first principles. He felt that the authors would appear 
definitely to have made an advance towards that which, up to now, had been missing. 


Dr. A. V. BRANCKER said there was no doubt as to the excellence of the paper, but 
he thought it should be borne in mind that the equation of the standard curve was still 
missing. The mathematical physicists may develop this fundamental equation, and 
he believed that Mr. Nissan, with whom he had been associated for some years, himself 
had difficulty in finding the equation. It was therefore definitely an artifice which 
had been employed, from which straight lines resulted, but that did not detract from 
the value of the paper. 

Reference had been made to the question of molecular structure, and there were 
one or two minor points in that connection which required elucidation. Mention had 
already been made of the fact that so-called long-chain hydrocarbons were not neces- 
sarily elongated, but could have a zig-zag, spheroidal, or ellipsoidal shape, and it was 
thought that insufficient is known about molecular structure to attempt to draw, at 
present, conclusions relating viscosity and molecular structure as such. In addition, 
there was another point—namely, the effect of methyl groups on the alcohols. He 
thought he was correct in saying that the effect of a methyl group was to make the 
alcohol approach the position on Mr. Nissan’s chart occupied by carbon tetrachloride. 
Having attained that position, the further addition of methyl groups outweighed the 
effect of hydroxy] to such an extent that the alcohol now retraced its steps away from 
the position of the carbon tetrachloride. If this were the case, then the methylated 
alcohol must eventually occupy a position on the chart previously held by a less heavily 
methylated alcohol. This would mean that two different compounds of different 
molecular structure fell in the same position on the chart, which, on Mr. Nissan’s 
theory, was difficult to understand. 


Tue PrestpeEnt said the very kindly way in which the paper had been received was 
very gratifying to him. Owing to a fact which perhaps he ought to have stated at the 
beginning of the meeting, but he had not done so because he wanted to see what kind 
of discussion the paper would provoke, he would now state that the credit for the work 
described in the paper was due to Mr. Nissen entirely. 
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Mr. A. H. Nissan, replying on behalf of the authors, wrote as follows : 
The authors wish to express their gratitude to Dr. Dunstan and the whole assembly 
for the kind way they have received this paper. 

To find out the reason why log 7 should prove additive, the following analysis may 
be found useful. The analysis will be based.on the simple exponential formula, .as 
any refinement in it only complicates the analysis without affecting its value. This 
is because although B in 





n = Acti? 


changes with temperature it does so only to a slight degree in the case of unassociated 
liquids. A will be eliminated. 
It is shown in the text that 


log. (9/93) = K"(T,/T — 1) 


and that for an homologous series like the normal paraffins only one line is obtained 
for all the members when log. 7 is plotted against values of 7'/T',. 

It will be noticed that of the series which gave a constant value for A log. 7 on 
increasing the molecular weight by a CH, radicle, the normal paraffins, the iodides, 
and the ketones are characterized by such lines. The ethers fall practically on the 
normal paraffins. Probably the esters will have one line too, This means that for 
each series (log. 7,)is a constant for all the members, and as 7' is a constant for all, 
then the difference in log. » for 2 members is given by 


log. 7, — log. 7, = K(T, — Ty), 
or A log. » = KAT;. 


In other words, the increment in log. 7 is a measure of the increment required to raise 
the energy level so that the larger molecule of the two will accomplish a “‘ hole ”’ into 
which it would flow in a similar manner to the smaller molecule. It has been postu- 
lated that the energy required in viscous flow is that for making a hole } to } the volume 
of the molecule. As we are dealing with homologous series, then, on the addition of 
a CH, to a molecule, the volume is increased by a certain quantity, and therefore the 
energy required is that for making a hole a fraction of the volume of CH, in size 
bigger than the hole required for the smaller molecule. For the series mentioned 
here the addition of a CH, will increase the volume by a constant, as none of them 
is associated, whilst the fraction 1/n varies from a } to 1/3-5. This means that the 
increment A log. 7 will be roughly regular, when compared over wide limits, and 
fairly regular over the range of few members. 

It would be expected, from this, that A log. » will be larger when association takes 
place, as the addition of a CH, group really means increasing the volume of the 
molecule by that of CH, multiplied by a factor greater than unity. The alcohols 
substantiate this hypothesis. The case of the sulphides presents difficulties—unless 
one assumes the reverse is taking place-—i.e., dissociation. 

In a note to Nature (Nissan, Nature, 144, 383, 1939) this law was derived in a little 
greater detail, and its limitations were set down. It is found on detailed analysis 
that even for the n-paraffins 


log. 7 = a log. M + b 
expresses the relationship to a higher degree of accuracy than the original, 
log. 7 = aM + b, 


when the value of M is taken over a wide range—say from C,-C,,. For a smaller 
range the latter is quite accurate, as shown by Dunstan and Thole. 

On this basis the departure from linearity does indicate that some form of fund- 
amental change in the flowing unit is taking piace, and, as Dunstan and Thole sur- 
mised, may be due to the formation of aggregates. 

It is not so easy to see why 1/7 should prove additive. It may be that this is so 
to a limited extent only. 

When A, is considered, it is seen that not only B, but A comes in the expression as 


— A,e* 'f — Age? It 
A is probably a constitutive property, and hence 7 itself will be partly additive due 
Q 
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to B (the energy required to make a hole will increase additively on increase in mole- 
cular volume by the addition of a CH,) and constitutive due to A. On the other 
hand, A log. 7 is a measure of the energy level required to cause the unit to flow, 
and is therefore more additive. 

This is a very rough analysis, but it is hoped that it answers in part why log. 7 is 
additive while » is mostly constitutive. 

Professor Bernal’s contribution to the discussion was complete by itself, and we 
feel there is need for little comment to be made, except of appreciation. We agree 
particularly with his suggestions on how to continue the work—i.e., comparisons at 
comparative internal pressures and simplifying the charts by plotting only two 
parameters for each liquid, ete. Of course, the latter suggestion can only be made 
after setting down the lines so that their linearity may be critically examined. 

Probably the explanation given for the motion of the halogen derivatives to the 
left with increasing polarizability is nearer the truth than a simple shape effect. 
This point, we believe, should prove interesting under rigorous study. 

The remarks about liquid helium should be borne in mind until more definite 
results about this liquid are obtained. We attempted to raise the same degree of 
doubt in the readers’ mind about this liquid in one or two parts in the text. 

In replying to Mr. De Waele’s comments we would like to thank him for the sug- 
gested lines of research to be carried out, and hope that others might also think 
of carrying out investigations into these interesting and most important fields of 
physical chemistry. In connection with his last suggestion of correlating viscosity 
rise and corresponding diminution of the vapour pressure, one may add that it should 
prove interesting also to do the opposite on pure components—.e., investigate the 
possibility of obtaining one line for an homologous series by plotting log. 7 against 
the ratio of P : vapour pressure, where P is a pressure higher than atmospheric but, 
probably, lower than some limiting value. 

The line of the paraffins appears to be near the limit to the left side of the chart, 
but does not constitute the limit itself. Diallyl and isoprene are definitely to the 
left of the n-paraffins. Even assuming the n-paraffins to curl up, they need not be 
spherical, as they can form ellipsoids with major and minor axes. They do behave, 
however, as if they were far removed from a spheroidal form. One may say that 
since one specific viscosity curve characterizes all members from C,—C,, then, on the 
molecular shape basis, these members will have similar ratios of their fundamental 
dimensions. This suggests some form of ‘‘ curling ’’ or doubling-back of the mole- 
cule, so that it attains some standard pattern which is repeated by all members 
higher than the first few. They cannot be spherical, since methane behaves as if it 
were more spheroidal in shape. These remarks, however, are speculative, and can- 
not be taken as proven. It is difficult to speak with certainty of these molecules 
when they are in motion; as Prof. Bernal suggested interlocking produces some 
complex factors hard to define. 

In reply to Dr. Evans, it is pointed out that comparison at equal values of 7'/T', 
is in reality comparison at equal ratios of 7’ to temperatures of equal vapour pressures. 
7’, was chosen as, for most compounds, the temperature at which their vapour pres- 
sures equal 760 mm. is known to a higher accuracy than for other values of vapour 
pressures. It is believed that in the case of n-hexadecene-1 it would be more accurate 
to calculate 7’, from its viscosity data, assuming that its line fell exactly on the 
n-paraffins than calculating its boiling point from values of boiling points at pressures 
of 11 or 15 mms. (cf. case of ketones discussed in detail in paper). 

It appears from arguments put forward in the text that comparing viscosities at 
equal temperatures will not give consistently regular results. 

In the case of ‘‘ propylene bromide ’’ the almost unforgivable sin of using archaic 
terminology was committed in order to render easy reference to the original paper 
possible. This was unfortunate, but in reporting the results of viscosity measure- 
ments on our charts we gave in all cases the names of the compounds as given by 
the original investigators, in the belief that no confusion could arise in the mind 
of anyone who would like to check our work by reference to the original as given 
in the bibliography. Thorpe and Rodgers called CH,CH BrCH,Br ‘‘ propylene brom- 
ide,’’ and this nomenclature has consequently crept into our paper. The compound 
has no double bond, and the general rule that unsaturation brings the line to the 
left is not therefore broken by this compound. Thanks to the query raised by Dr. 
Evans, we put the formula next to the name in the paper to avoid further ambiguity. 














-—- = exe a ef 


azaooe 68 8&8 2 42 @ 


So fs =. 

















VISCOSITY OF LIQUIDS ON CONSTITUTION.—DISCUSSION. 221 





The kinematic viscosity was not tried, for the following reason: There appears 
to be definite relationship between specific volume and viscosity. This relationship 
was at first thought to have been ascertained in a complete way by Batschinsky and 
MacLeod, until the work of Bridgman proved that in reality the relationship was 
more complex than appeared at first sight. The formula put forward by Andrade 
including specific volume was not derived from a rigorous analysis, but from the 
assumption that probably such a formula is correct. In fact, the exponential term 
was chosen on the basis that it was advisable to ‘‘ choose some simple function of 
specific volume ”’ and include it in the formula, which function was chosen purely 
arbitrarily,“® checked experimentally and found to hold well. The inclusion of v 
or v8 in the left-hand term—i.e., qv or qv'/*—is of secondary importance. To illus- 
trate, water has a ratio of 7 at 20° C. to 7 at 100° of 1-0015 : 0-283 or, say, a decrease 
of some 250 per cent. on the smaller figure. The variation in v for the same range 
of temperature is of the order of 0-958 : 0-998, or an increase of 4 per cent. on the 
smaller figure. 

In view of these remarks, it was thought that to compare a function of two pro- 
perties, the exact interrelationships between which were not known, against a third— 
i.€., qu ve T'y—would result in ambiguous conclusions. It could not be possible to 
ascertain definitely which effect was due to specific volume and which was due to 
absolute viscosity. 

Nevertheless, we believe that after ascertaining the type of functions obtained by 
plotting » ve 7'/T, it should prove of great interest to plot the kinematic viscosity 
against similar functions of temperature, particularly if a plot of specific volume 
against 7'/T', is made simultaneously. The three charts so obtained should prove of 
greater value than any one of them. 

We agree with Dr. Garner that the general equation, if found, will probably not 
be suitable in practice to the same extent as the A.8.T.M. chart. The chief use will, 
of course, be the knowledge derived through such a formula regarding the physico- 
chemical significance of such a property as viscosity. 

Similarly 
n = Acti? 


was chosen as the basis of the work in preference to the more accurate formulae, 
because this formula was derived in a more rigorous form of analysis than all others. 
The refinements added to it, in most cases, were semi-empirical in nature. 

We believe that molecular shape may play a greater part in chemical reaction 
such as combustion than has been accepted hitherto. As an analogy, the elements 
may be cited. The physical and chemical properties of the elements are characterized 
to a greater extent by the atomic number than by atomic weight. Atomic number, 
in turn, is a measure of the number of extra-nuclear charges in the atom, and is thus 
a measure of ‘‘shape’’ of the atom. In other words, atomic shape influences the 
properties of the elements more than the atomic weight. It is believed that this 
rule still holds in the molecules of compounds. This, however, is only a hypothesis, 
and its verification will present great difficulties. 

As Dr. Garner suggested, the application of such a hypothesis will present still 
greater difficulties. 

Dr. Anfilogoff’s contribution to the discussion has shed further light on the prob- 
ability of the existence of a general law governing the change of viscosity with tem- 
perature applicable to all states of matter. The theory that attractive and repulsive 
forces played interdependent parts in the viscosity of gases is a strong support of the 
existence of such a law. The fact cited in a footnote in the text, that gases under 
high pressures possess a decreasing function of viscosity with temperature, further 
enhances the probabilities. 

Dr. Brancker raised the question of finding the general equation which governed 
all the liquids studied in the paper. An attempt was made on the following line :— 

For every straight line drawn on the chart an equation could be written in the 


form 
log. » = Af(T/Ts) + B 


where /(T/T,) expressed the equation of the artificial scale used in terms of the 


natural scale 7'/T',. 
An attempt was made, therefore, to find the equation which governed the following 


relationship : 
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T/T, = 0-500 | 0-550 0-600 | 0-650 | 0-700 0-750 | 0-800 0-850] 0-900) 0-950] 1-000 
fT |Tz = 0-500 | 0-600 0-684 | 0-753 | 0-808 0-856 | 0-894 0-927] 0-958) 0-979) 1-000 























All that can be said is that it has been proved that neither the simple exponential 
formula nor 
log. 7 = A/T + Blog. T + C 


expressed the relationship completely over a wide range. Even if an empirical 
equation could be found, it was considered of no great value, as there were so many 
already. The equation, in so far as the generality of the law is concerned, should 
not only give the variation of viscosity of liquids with temperature, but also that of 
8. 

Perhaps it is not out of place to put a warning here. Even without an equation 
the list of f(7'/7',) in terms of 7/7’, given here would appear to be suitable for calcu- 
lating the change of viscosity with temperature. There is, however, a source of 
error. The case of water will illustrate what we mean. 


log. » = Af(T/T;) + B 


For water, 





T/T, | f(T /Ts). 9. log. 9. 
0-786 | 0-884 1-0050 0-002166 

















0-947 | 0-977 0-3565 1-552060 





To calculate A and B, we have to obtain the difference between two simultaneous 
equations, thus :— 
— 0-447940 = 0-977A + B 
0-002166 = 0-884A4 + B 





— 0-450106 = 0-093A or A = — 4-8398 


This is where the error is introduced. /(7'/7',) can be interpolated to the third 
decimal place. Hence it is of a fair accuracy even assuming it is accurate only to 2 
in the third place. There is a possibility of an error of 4 in 93, however, on sub- 
traction, hence the calculations can be as much as 4-5 per cent. in error, purely due 
to taking interpolated values. Added to that are experimental e-rors. 

In so far as the shape of the normal paraffins is concerned, we think that it is 
entirely a matter of opinion whether the molecules are curled up or not. So long 
as one dimension is considerably greater than the other at right angle to it, the 
molecule satisfies the requirements of being non-spheroidal. 

The case of the alcohols illustrates the fact, so heavily stressed in the paper, that 
it does not matter what is the skeleton or the material structure of the molecule; 
so long as the external shape, as defined, of two molecules look alike, they will behave 
similarly on these charts. In fact, that is an essential part of the theory—many 
examples are given in the text of similar cases. It is postulated that molecular 
shape affects the position and the slope of the viscosity lines because the ratios 
of surface area to volume of molecules differ. Spheroidal molecules offer the least 
area for other molecules to use as equilibrium positions, and hence molecules make 
larger proportional holes in their fundamental motion in viscous flow. Anisotropic 
bodies offer greater areas per volume than spheroidal ones. These larger ratios 
may be obtained in different ways, and hence our line may represent two substances 
if both possess the same ratios of surface area to molecular volume. 
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EUGENE COSTE 


EvcEne Coste was born in Essex County, Ontario, and educated in 
France, first at Grenoble, then in Paris. He graduated as a Mining 
Engineer from the Ecole Nationale Superieure des Mines de Paris in 
1883. 

On his return to Canada in 1883 he became a member of the Geological 
Survey for Canada and Mining Engineer of the Geological Survey in 
1887; in 1888 he located and directed the drilling of a well in Essex County 
which brought in the Kingsville-Leamington Field (this was the first 
commercial gas well drilled in Canada). 

In 1889 he resigned from the Geological Survey to enter private practice 
as a mining engineer, and in the same year located the discovery well of 
the Welland County Field; the gas from this field supplied Buffalo, N.Y., 
for eighteen years, and it is interesting to note that the original Company 
is still supplying gas to Niagara Falls, Welland, Fort Erie, etc., and main- 
taining its unbroken dividend record since 1891. 

In 1900 Mr. Coste attracted considerable attention in mining circles by 
advocating the inorganic theory of the origin of petroleums in a paper 
entitled ‘‘ Natural Gas in Ontario,” which he read before the Canadian 
Mining Institute. This was followed in 1903 by “ The Volcanic Origin 
of Natural Gas and Petroleum,” which also was read before the Institute ; 
during the same year Mr. Coste was elected President of the Canadian 
Mining Institute, and was re-elected in 1904. In February of that year he 
presented a paper entitled “‘ The Volcanic Origin of Oil ”’ to a joint session 
of the American Institute of Mining Engineers and the Mining and Metal- 
lurgical section of the Franklin Institute. This paper aroused intense 
interest. 

In 1906 he formed the Volcanic Oil and Gas Company and drilled for 
gas in Kent County, Ontario. In 1909 acting as Consulting Engineer and 
Geologist for the Canadian Pacific Railway, he discovered the Bow Island 
Gas-fieid in Southern Alberta. He purchased this field from the Canadian 
Pacific Railway and, forming a Company, in 1912 piped the gas almost 
200 miles to Lethbridge, Calgary, and intermediate towns which it now 
serves; this line was at that time one of the longest natural gas pipe-lines 
in existence. 

In 1911 Mr. Coste read a paper entitled “ Fallacies in the Theory of 
the Organic Origin of Petroleums ” before the Institution of Mining and 
Metallurgy in London, England; this paper caused international dis- 
cussion. 

In 1913 he formed a Syndicate which drilled for gas in the Viking district 
of Alberta, a Company being later formed which piped the gas to Edmon- 
ton. The Viking Field, now proved to be both extensive and prolific, 
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will undoubtedly continue to supply Edmonton and other towns for 
many years. 

In 1916 he advised the Union Gas Company to drill in Dover Township, 
Ontario, which resulted in the Dover Field. 

Since 1911 Mr. Eugene Coste had been assisted by his son, E. F. Coste, 
first in Alberta with the Calgary and Edmonton Gas Companies, then, 
after the war, they together formed the firm of Eugene Coste and Co. 
Petroleum Engineers and Geologists. Eugene Coste was an active partner 
in this firm up to the time of his death. 

Mr. Coste had been a Member of the Institute of Petroleum since 1917. 








